Self-Consistent Calculation of Direct
Tunneling Gate Leakage Current in Deep
Submicron n- and p-MOSFETSs in Presence
of Inelastic Scattering

A thesis submitted to
the department of Electrical and Electronic Engineering
of
Bangladesh University of Engineering and Technology
in partial fulfillment of the requirement
~ for the degree of
MASTER OF SCIENCE IN ELECTRICAL AND ELECTRONIC ENGINEERING

S ?5208 N . by
\‘F’ L / Khairul Alam
Wi Zo, é?’/JZ_J
& s —
Wiy
f}‘s\..‘:ca;ﬁ . -

£
-

DEPARTMENT OF ELECTRICAL AND ELECTRONIC ENGINEERING
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY
2002

- N



The thesis titled “ Self-Consistent Calculation of Direct' Tunneling Gate
Leakage Current in Deep Submicron n- and p-MOSFETSs in Presence
of Inelastic Scattering” Submitted by Khairul Alam, Roll No.: 040006244F,
Session: April 2000 has been accepted as satisfactory in p'artial fulfillment of the
requirement for the degree of MASTER.OF SCIENCE IN ELECTRICAL AND
ELECTRONIC ENGINEERING on March 13, 2002.

e

BOARD OF EXAMINERS

Dr. Anisul Chairman
Associate Professor {Supervisor)
Department of Electrical and Electronic Engineering

BUET, Dhaka-1000, Bangladesh.

- 3 ,1 6

_ @\a 13 3] ov |
Dr. M. Rezwan Khan- Member
Professor

Department of Electrical and Electronic Engineering
BUET, Dhaka-1000, Bangladesh.

A
3. LY )

Dr. M. M/h{a;l Hassan . MeJr_nber
Professor and Head . - . {Ex-officio)
Department of Electrical and Electronic Engineering
BUET, Dhaka-1000, Bangladesh.

. Dr. M. Al Asgar . ] Member
Professor (External) . ...

Department of Physics
BUET, Dhaka-1000, Bangladesh.




Declaration

1 hereby declare that this thesis or any part of it has not been submitted
elsewhere for the award of any degree or diploma.

Signature of the candidate

A

(Khairul Alam)

i



Dedication

To My Parents.

i



Contents

Declaration ' ii
Dedication iii
Acknowledgement ' ix
Abstract X
1 Introduction 1
1.1 Literature Review . . . . . . . . . . . . o A |
1.2 Objective of the Work . . ... ... .. .. ... ... .. 6
1.3 Thesis Layout . . . . . . .. . . oo o 7
2 Quantum Mechanical Calculation of Silicon Inversion Layer 8
2.1 Existing Self-Consistent Technique . . ... .. ... ... .. 8
2.2 Green’s Function Formalism . . . . . . . . . .. ... ... .. 11
2.3 Calculation Approaches Followed to Develop The Model . . . 13
2.4 Calculation of Direct Tunneling Gate Leakage Current . . . . 14
3 Results and Discussions 19
3.1 Simulated Results for n-MOS Devices . . . . . . . .. . .. .. 19
3.2 Simulated Results for p-MOS Devices . . . . .. . ... ... 34
4 Conclusions 43
4.1 SUIMINATY . . .« o o o o e 43
4.2 Suggestions for Further Work . . . . ... .. ... .... .. 45
Bibliography 46
Appendix A 50

iv



List of Figures

2.1

3.1

3.2,

3.3

3.4

3.6

3.7

A typical band diagram of an' n-channel MOSFET under strong
inversion condition

The average distance of the inversion electrons from S1/510,
interface, zq,, as a function of inversion electron density, Nin,.
Oxide thickness is t,, = 2 nm and electron effective mass in
oxide is Mgy = 0.55My.  « + « o o o oo
The substrate band bending, ®,, as a function of surface elec-
tric field, F,. Oxide thickness is {,; = 2 nm and electron
effective mass in oxide is mye, = 0.00m,. . . . . . o oL Lo
Band bending due to inversion charge only, ®;, as a function
of inversion electron density Ni,,. Oxide thickness is {,z = 2
nm and electron effective mass in oxide is m,z = 0.55m,.
Fermi energy level and three lowest subband energy levels of
inversion electrons as a function of surface electric field, Fi.
Here, L1 and L2 are the first and second eigenstates of longi-
tudinal valley and T1 is the first eigenstate of transverse valley.
Oxide thickness is t,; = 2 nm and electron effective mass in
oxide is My = 0.55Mg. « « « « o o oo
Relative occupation factor of inversion electrons, N;/Nyy,, for
the lowest four subbands as a function of surface electric field,
F,. Here, L1, L2 and L3 are the lowest three eigenstates of
longitudinal valley and T1 is the first eigenstate of transverse
valley. Oxide thickness is ¢, = 2 nm and electron effective
mass in oxide 1s My = 0.55m,. - . . oo oo
Variation of lifetimes, 7., with eigenstate number, n, for a
given surface electric field, Fy. Four different values of ¢, are
considered. (a) is for the longitudinal valley, and (b} is for the
transverse valley. . . . . . . .. .
Variation of lifetimes, 7,, with surface electric field, Fjy, for
lowest three longitudinal valley states (L1, L2, L3) and the
lowest transverse valley state (T1).

22



3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

Backscattering parameter B vs F; for the lowest longitudinal
and transverse valley states for a given 7. and four different
values of t,z. (a) is for Ty = 107 sec with no spatial or bias
dependence. In (b) 7. is given by Eq. (3.3). . . . . . . .. ..
Effects of inelastic scattering on the lifetimes of quasi-bound
states, T,, in the longitudinal valley. Here, 7.y is given by
Eq. (3.3). States in the transverse valley also show similar
behavior.. . . . . .. .. ... .. e e
Measured and simulated direct tunneling gate leakage current
as a function of gate voltage for two different values of effective
masses in oxide, m,,. No inelastic scattering is considered
here. Experimental data for {,; = 2.19 nm has been taken
from (7], and for other devices has been taken from [8]. . . . .
Variation of m,, with F,; for electrons. Here, four devices are
considered. . . . . . ... L. e
Direct tunneling gate current, J, as a function of gate voltage,
V,, calculated with and without considering inelastic scatter-
ing. Teu = 10-% sec and m,; is function of F, given in
Egs. (3.1,3.2).. . . . . .
Direct tunneling gate current, J, vs gate voltage, V. Here,
e is function of F,; given by Eqs. (3.1, 3.2) and 7. is
given by Eq. (3.3). Excellent agreement with experimental
data [7, 8] is achieved for all the devices over the entire range
of the gate voltage in the presence of inelastic scattering. . . .
Gate current and contribution to gate current of the first eigen-
states (L1, T1) of longitudinal and transverse valleys. Here,
Mz is function of F,; given by Eqgs. (3.1, 3.2) and 7. is func-
tion of position and field given by Eq. (3.3). . . ... .. ...
The average distance of the inversion holes from Si/Si0; in-
terface, z.,, as a function of inversion hole density, N;,,. Ox-
ide thickness is t, = 2 nm and hole effective mass in oxide is
Mog = 0.35M0.  + o o o e
Fermi energy level and the first eigenstates of heavy, light and
split-off holes as a function of surface electric field, F,. Here,
HH1, LH1 and SH1 are the first eigenstates of heavy, light and
split-off hole bands respectively. Oxide thickness is t,; = 2 nm
and hole effective mass in oxide is m,z = 0.35m,.

vi

32



3.17

3.18

3.19

3.20

3.21

3.22

3.23

Relative occupation factor of inversion holes, N;/Nin,, for the
first eigenstates of heavy, light and split-off holes as a function
of surface electric field, F,. Here, HH1, LH1 and SH1 are
the first eigenstates of heavy, light and split-off hole bands
respectively. Oxide thickness is t,; = 2 nm and hole effective
mass in oxide is my, = 0.35m,. . . . . . ..o o oL
Gate current, J, vs gate voltage, V,, for t,; = 1.81 nm. Here,
Moz = 0.35m,, barrier height = 4.8 eV and 7y is given by
Eq (3.3). . . o
Gate current, J, vs gate voltage, V, for t,; = 1.81 nm. Here,
mee = 0.45m,, barrier height = 4.8 eV and 7, is given by
Eq (3.3). . . .
Gate current, J, vs gate voltage, V;, for t,; = 1.81 nm. Here,
Mopr = 0.35m,, barrier height = 3.8 eV and 7,y is given by
Eq. (3.3). . .. o
Variation of m.y with F,; for holes. Here, three devices are
considered. . . . . . . ... e e
Measured and simulated gate current, J, vs gate voltage, V,,
for three different values of £,;. Here, m, is given by Eq. (3.4)
and Ty is given by Eq. (3.3). . . .. . ... oL
Contribution of the first eigenstates of heavy, light and split-
off holes to gate current, J, for t,; = 2 nm. Here, m, is given
by Eq. (3.4) and 7y is given by Eq. (3.3). . .. .. ... ...

vii



List of Tables

3.1 Effective masses of electrons in different valleys. . . . . . . .. 19
3.2 Relationship among calculated Ty, Ty and I'; for the lowest

two states in the longitudinal valley (L1, L2) and the lowest

state in the transverse valley (T1). Here, Fy = 0.49 MV /cm,

Teo = 107 %secand toz; =2mnm. . . .. ... L 26
3.3 Relationship among calculated 'y, T'; and T, for the lowest

two states in the longitudinal valley (L1, L2) and the lowest

state in the transverse valley (T1). Here, Fy = 1.62 MV /cm,

Ten =10%secand top, =2mnm. . . .. ... ... .. 28
3.4 Effective masses for different types of holes. . . . . .. .. .. 35

viil



A cknowledgement

I wish to convey my heartiest gratitude and profound respect to my super-
visor Dr. Anisul Haque, Associate Professor, Department of Electrical and
Electronic Engineering (EEE), Bangladesh University of Engineering and
Technology (BUET), Bangladesh, for his continuous guidance, suggestions
and wholehearted supervision throughout the progress of this work, without
which this thesis never be materialized. I am grateful to him for acquainting
me with the world of advanced research.

I am grateful to Mr. Abul Husain, Associate Professor and Head, Dept.
of EEE, Ahsanullah University of Science and Technology (AUST), who pro-
vided with all the facilities of VLSI laboratory of the department and co-
operation to complete the work. I want to thank 5. Zaman, Lecturer, Dept.
of EEE , AUST, M. M. Chowdhury, Lecturer, Dept. of EEE, AUST and I. B.
Chowdhury, former Lecturer, Dept. of EEE, AUST for their continuous sug-
gestions, inspiration, encouragement and many fruitful discussions. In this
regard, I also like to express thanks and gratitude to Dr. M. M. Shahidul
Hassan, Professor and Head, Dept. of EEE, BUET.

I want to thank my friends Yunus, Ifthekar and many others, who were di-
rectly or indirectly related to this work, for their support and encouragement.

I also thank all the personnel at the departmental library, BUET reference
~ library and xerox section for providing me with the valuable journals and
thesis papers to complete this work.

ix



Abstract

Direct, tunneling gate leakage current in both n- and p-MOS devices with
ultra-thin gate-oxide is studied. The effects of inelastic scattering of the in-
version carriers, tunneled into the gate-oxide region, on the direct tunneling
gate current are investigated. Coupled Schradinger’s and Poisson’s equa-
. tions are solved self-consistently. Open boundary conditions, taking into
account the wave function tail inside the gate-oxide region, are used to solve
Schrédinger’s equation within the self-consistent loop. Also, the fraction of
inversion charges inside the gate-oxide region is taken into account in the
solution of Poisson’s equation. Inelastic scattering is represented by a colli-
sion time which appears as an imaginary potential in Schrodinger’s equation.
Simulated direct tunneling currents are compared with published experimen-
tal results. Inelastic scattering effects on direct tunneling current are found
~ to be significant in devices with oxide thickness > 2 nm and at lower gate
voltages. Therefore, the existing mismatch at lower gate voltages between ex-
perimental and simulated direct tunneling gate currents can be explained in
terms of inelastic scattering effects. However, for accurate modeling of direct
tunneling current, appropriate spatial and gate bias dependence of collision
time needs to be taken into account. It is also found that carrier effective
mass in gate-oxide region is not a constant, rather a function of the applied
" gate bias. Moreover, electron and hole effective masses in gate-oxide region
show opposite dependence on gate bias. Physical reasons for this behaviour
are not yet known. Since the same expression of spatial and gate bias depen-
dent collision time accurately simulates the direct tunneling gate current in,
both n- and p-MOSFETs, we believe that our empirical expression contains "
the essential physics of inelastic trap scattering. The contribution of split-off
holes to direct tunneling gate current in p-MOSFETSs, particularly at higher
gate voltages, is not negligible. Consequently this contribution should not
be neglected as done in some recent studies.



Chaptef 1

Introduction

Advancement of semiconductor device technology is continuing the scaling
down of Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) fea-
ture sizes. According to [1], for sub-100 nm devices, gate-oxide thickness will
be around 2 nm. When such deep submicron devices are biased by applying a
voltage to the gate-electrode, band bending occurs near oxide-semiconductor
interface, that results in a quantum well. Therefore, energy quantization
of inversion carriers occurs and the distribution of inversion carriers can no
longer be modeled by semi-classical approaches [2], rather a complete quan-
tum mechanical treatment is necessary. Also, the barrier height for inversion
carriers is finite {3.1 eV for electrons and 4.8 eV for holes). Therefore, direct
tunneling of carriers occurs from the Si inversion layer to the gate-clectrode
through the gate-oxide which results in a gate leakage current. To model
such devices, accurate determination of device parameters such as gate leak-
age current, gate capacitance, oxide thickness, etc. is necessary by taking
into account the quantization of inversion carriers.

1.1 Literature Review

It is known that Quantum Mechanical (QM) effects arise in MOS inversion
layer when a steep quantum well is formed near the oxide-semiconductor
interface due to band bending [3]. As the gate-oxide thickness reduces to
around 2 nm for sub-100 nm MOS devices [1], a substantial direct tunneling
current flows from the gate-electrode to the channel, leading to a gate leak-
age current that increases exponentially with decreasing oxide thickness [4].
This gate leakage current is a severe problem in device operation, especially
in terms of standby power consumption. Therefore, a quantitative under-
standing of direct tunneling gate leakage current is necessary. A Slgmﬁcant.



amount of research has already been conducted to study direct tunneling
gate current. A partial review of these researches is presented in this section.

Rana et al. [5] have solved Poisson’s and Schrédinger’s equations self-
consistently for accumulation layers in MOS devices and have applied to
the calculation of tunneling current for very thin oxides. They have solved
Schrodinger’s equation assuming wave function tail inside the gate-oxide and
zero at the gate-electrode/Si0, interface and at a distance deep inside the
semiconductor. In the calculation of tunneling current, they have taken into
account both the bulk extended states and the quasi-bound states near the
Si/Si0, interface. They have calculated the tunneling current in the direct
regime and have obtained almost the same tunneling currents using both the
semi-classical and self-consistent models. This agreement in current between
the models has been explained in their work by showing a larger potential
drop in the semiconductor with self-consistent solutions. Because larger drop
in the semiconductor means smaller electric field inside the Si0; barrier
which reduces the tunneling rates from both the extended and quasi-bound
states. But electron energies of the quasi-bound states are higher in the self-
consistent solutions, that increase the tunneling rates. Therefore, the current
predicted by both the models has almost the same value.

Lo et al. [4] have studied the direct tunneling current from the quantized
inversion layer of ultra-thin-oxide n-MOS devices. They have solved the
coupled effective-mass Schridinger’s and Poisson’s equations self-consistently
and have calculated the lifetimes of quasi-bound states using a transverse-
resonant method. They have found that more than 90% of the total current
density comes from the lowest two eigenstates of twofold-degenerate and
fourfold-degenerate valleys in the conduction band. It has been found that
at a gate voltage of 1.5V, the current density increases by ten orders of
magnitude as the oxide thickness decreases from 3.6 nm to 1.5 nm.

Register et al. [6] have developed an analytical model for direct tunneling
gate current in MOS devices as a function of surface electric field using a
modified WKB approximation both for n- and p-MOS transistors. They
have properly modeled the field dependencies of sheet charge, electron impact
frequency on the interface and mean tunneling probability that results in
somewhat accurate modeling of the low-field roll-off in the current.

Lo, Buchanan and Taur have reviewed their work on direct tunneling
gate current in Ref. [7]. They have developed a QM model and have studied
the C-V and I-V characteristics of n- and p-MOS structures. They have cal-
culated the eigenenergies using transverse-resonant method of wave guides
and transmission probability using transfer matrix approach. According to
their study, for a chip of standby power < 0.1 W per chip, direct tunnel-
ing current can be tolerated down to an oxide thickness of 1.5-2 nm. The



transconductance reduction due to polysilicon depletion and finite inversion
layer thickness effects becomes more severe for thinner oxides. The finite
thickness effects degrade the gate capacitance by 13% or more for an oxide
thickness of 2.5 nm or less. Their model predicts higher threshold voltage
than the semi-classical model, and the difference increases with the electric
field strength at the Si/S:0; interface.

Yang et al. [8] have studied direct tunneling gate current and C-V charac-
teristics of MOS devices by solving silicon substrate inversion layer quantum
mechanically and calculating transmission probability with a modified WKB
approximation. They have also investigated the effects of substrate doping
concentration and polysilicon doping concentration on direct tunneling cur-
rent. In their study, the QM calculation in the substrate assumes an infinite
barrier height at the Si/St0, interface, while the transmission probability
calculation assumes wave function continuity across a limited barrier height
at this interface. Therefore, the whole procedure itself is not entirely self-
consistent. They have found that at high bias conditions, the lowest subband
can be used alone for current calculation with reasonable accuracy. Also, the
substrate band bending from QM calculation is considerably larger than the
semi-classical results at high bias. They have showed that direct tunneling
current decreases as the substrate doping level increases for the same polysil-
icon doping level and gate voltage. Same thing is true for polysilicon doping
level.

Mudanai et al. [9] have studied direct tunneling current through differ-
ent gate dielectrics by solving Schrodinger’s and Poisson’s equations self-
consistently. However, in the self-consistent loop, they have solved Schrodinger’s
equation assuming that the wave function goes to zero at dielectric-silicon
interface. Once self-consistent potential has been obtained, they have again
solved Schrédinger’s equation assuming wave function penetration into the
gate dielectric. They have calculated the real parts of eigenenergies of the
quasi-bound states assuming that the wave function goes to zero at the
oxide/gate-electrode interface. The lifetimes of the quasi-bound states have
been calculated using first order perturbation approach. This technique re-
quires the determination of complex eigenenergies of a non-Hermitian Hamil-
tonian. Therefore, this technique is numerically time consuming and ineffi-
cient. According to their simulated results, the current through the pure
oxide dielectric is much higher than the current through the high-K gate
stack structure. Also, the current through the high-K gate stack structure
shows oscillations at high gate bias. But the oscillations were observed to
decrease and eventually vanish as the barrier height was increased.

Yang et al. [10] have developed a model for the hole direct tunneling
gate current accounting for heavy and light hole subbands in the quantized



inversion layer. They have extracted physical oxide thickness, t,r, using
QM-corrected C-V fitting based on van Dort’s model. According to their
study, the hole direct tunneling is responsible for source/drain current while
the valence electron direct tunneling constitutes bulk current. They have
also showed that the hole direct tunneling dominates over the valence band
electron direct tunneling in gate voltage of OV to a certain crossover point,
and its magnitude increases with decreasing oxide thickness.

Cassan et al. [11] have investigated the charge control and gate leakage
in MOS structures and heterojunction-MOS (H-MOS) structures with ultra-
thin oxide using both semi-classical and wave-mechanical calculations. In
the semi-classical approach, they have determined the direct tunneling gate
current using the transmission probability formalism whereas the notion of
quasibound state lifetime has been applied in the wave-mechanical model.
They have found that threshold voltage significantly depends on the applied
model for conventional MOS structures, but the gate leakage shows an ex-
cellent agreement between both approaches provided the:threshold voltage
correction is taken into account, For H-MOS, they have found that the gate
leakage has been reduced by at least two orders of magnitude compared with
the conventional MOS design.

Hou et al. [12] have reported the calculation of hole direct tunneling cur-
rent from the inversion layer in a p-MOSFET. They have included the effect
of valence band mixing on hole quantization by an improved one-band ef-
fective mass approximation [13]. A modified WKB approximation has been
used to calculate the hole transmission probability with a more accurate dis-
persion equation in the oxide gap. Their simulated results with parabolic
dispersion in the oxide show a good agreement with the experimental data
for thinner oxide thickness and at lower gate voltages. However, at high
gate voltage and thick oxide thickness, the simulated results show a signif-
icant deviation from the experimental data. They have used a dispersion
form proposed by Freeman and Dahlke in the oxide and have obtained a
significant improvement in the simulated results, that closely match with the
experimental data for thicker oxide at high gate voltage.

Wang et al. [14] have developed a model for calculating direct tunneling
gate current by solving Schrddinger’s and Poisson’s equations self-consistently
in the whole metal-oxide-semiconductor structure. They have solved Schrodinger’s
equation using a modified Airy function technique. They have showed that
in case of strong electric field (F,, = 12MV/cm), the tunneling current for
thicker oxides (> 2.5 nm) does not decrease exponentially as oxide thickness
increases, because it enters the Fowler-Nordheim tunneling regime. Also,
electron concentration at the Si/SiO; interface is notably larger for self-
consistent solution than that obtained from non self-consistent solution.



It is well known that due to the presence of impurities, defects, interface
states and phonons, electrons tunneling through the oxide experience phase-
breaking or inelastic scattering. Although phonon-assisted and inelastic trap-
assisted tunneling have been considered to describe stress-induced leakage
current (SILC) and oxide tifetimes [15, 16, 17, 18, 19}, very little work has
been done on the effects of inelastic scattering on the direct tunneling current.
It may be mentioned that although the simulated direct tunneling currents
in n-MOS devices show a good agreement with the measured data at high
bias and thinner oxides, at low bias and thicker oxides, the experimental
current is much higher than the simulated current [4, 6, 7, 8, 20]. Similar
mismatch between measured and simulated direct tunneling gate currents
has also been observed in p-MOSFETs [12]. No satisfactory explanation for
such mismatch has so far been proposed.

Stadele et al. [21] have studied the influence of elastic impurities, such
as neutral oxygen vacancies, on the magnitude of tunneling current through
ultra-thin gate-oxide of a prototypical metal-oxide field-effect transistor. Elec-
tron distribution has been determined from full band Monte-Carlo trans-
port simulation and transmission coefficients from three-dimensional semi-
emperical tight-binding calculations. The positions of the atoms in the junc-
tion have been determined by first-principles density-functional calculation.
They have found that gate current increases significantly (typically one to
three orders of magnitude) in the presence of impurities having a density
around 10'2/cm?, provided that the resonant energy levels lie less than 1 eV
above the Si conduction band edge.

Fu et al. [22] have studied carrier transmission through thin oxide layer
in the presence of an ionized impurity in the oxide layer. The Coulumb
potential of the ionized impurity provides extra conduction channels, that
increases tunneling current. They have found that the ratio between the
conduction current through the extra conduction channels and the direct
tunneling current can be as large as 1.9. The extra value of the ratio depends
on the location of the charge in the oxide layer.

When the substrate is heavily doped, a thermionic barrier is present that
opposes the direct tunneling of gate electrons when the applied gate voltage
is between 0 V and flatband voltage in the accumulation region. In such
conditions, the measured gate current cannot be explained by direct tun-
neling alone but features an additional, dominant component [23]. Ghetti et
al. [23] have investigated the low voltage tunneling in ultra-thin oxides. They
have found that the extra component is very sensitive to temperature and is
due to gate electrons tunneling into anode interface states. Their simulation
model has been built on by solving Schrédinger’s and Poisson’s equations
self-consistently taking into account the quantization effects of both elec-



trons and holes. The transmission probability has been computed through
an exact solution of Schrodinger’s equation in terms of Airy’s function. They
have showed that tunneling of gate electrons into anode interface states is
very sensitive to the interface state distribution and to electrical stress.

Zaman [24] has investigated the effects of inelastic scattering on the di-
rect tunneling gate leakage current for the first time. Although his work
qualitatively explains the observed mismatch between the experimental and
simulated direct tunneling currents, a quantitative agreement with experi-
mental results could not be obtained in his study. He has found that inelastic
scattering has pronounced effect on the direct tunneling current at lower gate
voltages in the devices with oxide thickness equal to 2 nm or higher. When
the oxide thickness is reduced below 2 nm, the inelastic scattering has no
significant effect on the direct tunneling current.

1.2 Objective of the Work

The objective of this research is to calculate the direct tunneling gate leak-
age current in deep submicron MOSFETSs for both n-MOS and p-MOS de-
vices by solving Poisson’s and Schrédinger’s equations self-consistently in the
presence of inelastic scattering. The commonly used boundary conditions to
solve Schrodinger’s equation are that the wave function goes to zero at the
S1/810, interface and at a point deep inside the bulk Si. Therefore, the wave
function tail inside the oxide is ignored, which is the cause of direct tunnel-
ing. We will solve Schrédinger’s equation using Green’s function formalism
with open boundary conditions {25, 26]. Therefore, the wave function tail in
the oxide will be calculated in our model. The eigenenergies will be calcu-
lated by locating the peaks of one-dimensional (1D) density-of-state(DOS)
and the lifetimes of the inversion carriers will be calculated from the full-
width-at-half-maximum(FWHM) of the energy broadened DOS. Therefore,
our model is numerically efficient because it eliminates the need for solving
non-Hermitian Hamiltonian matrices. The present model will shed light on
the role of inelastic scattering processes on direct tunneling gate current. The
inelastic scattering effects will be included in the model following the theory
developed in [24]. We will extend the work of Ref. [24] by

(i) solving Schrédinger’s and Poisson’s equations self-consistently,

(ii) choosing more realistic expressions for collision time,

(iii) using improved models for effective masses of carriers within the
gate-oxide region and

(iv) calculating gate currents in n-MOS as well as in p-MOS devices.



As a result, we expect to obtain a quantitative agreement with experi-
mental results.

1.3 Thesis Layout

This thesis consists of four chapters. Chapter one gives an introduction
followed by literature review and objective of the work.

Chapter two deals with the existing self-consistent technique along with a
detailed discussion on the procedures followed to develop the proposed model.
Also, the theory to include the effects of inelastic scattering is presented in
this chapter. )

The simulated results for both n-and p-MOSFETs are presented in chap-
ter three. A comparison between the measured gate current and the simu-
lated gate current is also presented in this chapter.

Conclusive remarks and discussions are presented in chapter four. A
recommendation for future study is also suggested here.



Chapter 2

Quantum Mechanical

Calculation of Silicon Inversion
Layer

Quantization of silicon inversion carriers in MOSFETS occurs when the elec-
tric field, caused by the gate bias, confines the carriers in a narrow region
near oxide-semiconductor interface. The electric field causes band bending
and a potential well is formed near the Si/5:0; interface. The quantum me-
chanical calculation of inversion carriers requires the solution of Poisson’s and
Schrodinger’s equations self-consistently. Since the potential varies along the
z direction only (see Fig. 2.1) and does not vary along r and y directions,
the wave functions can be written as free particle wave functions along z
and y directions. Therefore, one-dimensional (1D) solutions of Poisson’s and
Schrodinger’s equations are required. This chapter presents the existing self-
consistent technique, as well as the calculation approaches of our model. A
detailed discussion on the calculation of direct tunneling gate leakage current
in the presence of inelastic scattering is also presented in this chapter.

2.1 Existing Self-Consistent Technique

The numerical self-consistent calculation for Si inversion layer was first car-
ried out by Stern [3]. Self-consistent calculation made by Stern [3] was based
on three major approximations:

(i) The effective-mass approximation is valid, so that periodic potential
can be neglected and the effective mass and dielectric constant of the perfect
crystal can be used.

(ii} The envelope wave function vanishes at the Si/SiO, interface.
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Gate-~eolectrode

Figure 2.1: A typical band diagram of an n-channel MOSFET under strong
inversion condition.

(iii) Surface states are neglected and the effect of any charges in the oxide
adjacent to the semiconductor is replaced by an equivalent electric field.

The band bending, ¢®, as shown in Fig. 2.1, at a semiconductor surface
can be characterized by an electrostatic potential ®(z). Within the effective-
mass approximation, the electronic wave function for the jth subband in
the ith valley is the product of the Bloch function at the bottom of the
conduction band and an envelope function

Pij(z,y, 2) = (i;(2)el7elkrz+ha) (2.1)

where k1 and k3 are measured relative to the band edge, 8 depends on &, and
kq, and (;;(2) is the solution of

dzc'ij (Z) n 2m3
dz? h?

[Ei; +q®(2)] G;(2) = 0. (2.2)

Here, m3 is the carrier effective mass in the direction perpendicular to the
surface, Ej; is the eigenenergy of the jth subband in the ith valley in the
same direction and g is the charge of electron. Boundary conditions used

A
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by (3] for the solution of Eq. (2.2) are ¢;;(00) = 0 and {;; = 0 at the oxide-
semiconductor interface (z=0). Each eigenvalue, E;;, found from the solution
of Eq. (2.2) is the bottom of a continuum of levels called the subband, with
energy levels given by

hRE RS

Eij (k) = Eij * 2m1 2m2 ’

(2.3)

where m; and my are the principal effective masses for motion parallel to
the surface, which can be obtained in a straightforward way from the bulk
masses [3]. There can be as many as three values of ms for a given surface
orientation because the conduction band of S7 has six valleys along the (100)
directions of the Brillouin zone. Under the effective-mass approximation, the
valleys are degenerate in pairs.

The potential ®(z) used in Eq. (2.2} is the solution of Poisson’s equation

?P(z) - p(2)

d22 epelz)’ (24)
where
p(2) = paepi(2) + ¢ Z Nij | Gii(2) |%, (2.5)

€, 1s the permittivity of free space and e(z) is the dielectric constant in

different regions (gate-electrode, oxide and semiconductor). Nij, used in the

calculation of p(z), is the carrier concentration in the jth subband of the ith
valley given by

KT Er - E;;
N,'j = nm-mdimln [1 + exp (—'K_T'"—J)] ) (26)

where n,; and my; are the valley degeneracy and density-of-states effective
mass per valley and Er is the Fermi energy. pgep(z) is the charge density of
the depletion layer given by

Pdept(2) = —q(Na— Np), 0<z< 2 (2.7)
pdepg(z) =0, zZ> 24 (28)

where z4 is the width of the depletion layer given by

2€5i¢,Pq
Zg = g ———— 2.9
TV oNa—Np) (29)
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Here, €, is the dielectric constant of Si and @, is the effective band bending
from the bulk to the surface, apart from the contribution of the inversion
layer itself; its value is given by [3]
(I’d — ‘I).s _ KT _ qunvzav, (210)
q €5i€o
where @, is the total band bending from the bulk to the surface, Nj,, =

> N;; is the inversion carrier density per unit area and
ij

ZNij/Z | Cz‘j(z) |2 dz

ij
ZNH] | Gis(2) |* d2

ij
is the average penetration of the inversion carriers into the semiconductor

from the oxide-semiconductor interface. The boundary conditions used to
obtain the solution of Eq. (2.4) are

(2.11)

z&‘U

%% = Ol for z=00
% =—-F, at 2=0,
where N N
Fs — Q( inv T depl) (212)
€osi
and :
Nyept = 2¢{N4 — Np) (2.13)

is the carrier density per unit area in the depletion layer. In the self-consistent
calculation made by Stern [3], Eqgs. (2.2)-(2.13) are solved iteratively for a
given value of Ny, until the profile converges within a specified limit. The
calculation is started with a small value of N,,,, and then increased gradually
to larger values, taking the results of each case to construct the starting
potential for the next.

2.2 Green’s Function Formalism

According to [26}, Green’s function can be used to calculate the wave function
and DOS. Z(z, 2,; E}, the logarithmic derivative of retarded Green’s function,
G, is defined by

2h [0GR(z,2; B} '

E) = Rz,21, E)| . .
Z(z,21; E} T % /G (2, 2; F) (2.14}
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Here, G®(z, z;; E) is the solution of the equation

: A LA
(Euq®(z)+jn+mﬁ) G"(z,21; FE) = §(z — z1), (2.15)

where §(z — 21) is a unit excitation applied at z = z; and 7 is an infinitesimal
positive energy. G has two important properties:

(i) it is continuous everywhere and

(ii) its first derivative is discontinuous at z = z, by 2mg3/h%.
Therefore, Z(z, z;; E') has a discontinuity at z = 2; and we need two bound-
ary conditions to calculate Z(z, 2;; F). If we assume that the potential pro-
file is flat sufficiently far from the oxide-semiconductor interface in both di-
rections, the boundary conditions (called asymptotic boundary conditions)
are [25]

Z(z 200,21 E) = Z,(00) z> 2z (2.16)
Z(z = —00,2;; E) = = Z,(~0) z < 2z, (2.17)
where on
Z,(2) = j;(z) (2.18)
and
12) = 34/ 252 (B = g8(2) + ) (2.19)

The use of two boundary conditions reveals an interesting property of the
function Z(z, 2;; E);
Z(z,21,E) = Z;y(2; E) for all z > 2, (2.20)
Z(z,z1;E) = Zy(z; E) forall z < 2. (2.21)
~ Here,
) _ Zycosh(yl) — Z,sinh(~l)
~ 7°Z,cosh(yl) ~ Z;sinh(yl)’
and the subscripts ir and il refer to the quantum-mechanical impedances
looking to the right and left, respectively. The method for the calculation of
Z;; and Z; has been discussed elsewhere [27). It has been shown in [28] that
4 1
JhZiy (2 E) — Zy(z; E)
Now the DOS and wave function can be calculated using G®. The local DOS
is defined by the diagonal elements of G as

Z;

(2.22)

Gz, z;E) =

(2.23)

N(z,E) = —%i‘fm [GR(z,z; E)] . (2.24)
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Taking the imaginary parts of Eq. (2.23) on both sides and putting that value
in Eq. (2.24) one obtains

4 J
. J— Cx
N(z B) = 7Sm Zw(#5,E) — Zg(z, B) |~ (2.25)

It is well known that G® can be expressed in terms of a complete set of
eigenfunctions:

G(2)G (=)

GR Z,2 ,E = '———i'—-—“— (226)
(=21 E) Zi: E - E;+jn

If Eiy1 — E; >> 7 for all values of 7, only one term in the series dominates

when E' — E,, since the discrete eigenenergies in one-dimension are non-

degenerate. For the diagonal elements of G®, we obtain

2
G2, E = By) = FoR = If"éz)l et (2.27)

Taking the imaginary parts of both sides of Eq. (2.27), substituting £ = E,
and putting the value of G*(z, z; F) from Eq. (2.23) we obtain for the wave
function ‘ :

4n J

2_ U
| Cﬂ('z) I — h sm Z;‘,-(Z.',En) . Zi[(z; En) ‘ (2‘28)

2.3 Calculation Approaches Followed to De-
velop The Model

The self-consistent model is developed by solving Egs. (2.2)-(2.13), as dis-
cussed in Section 2.1, iteratively. In our model, eigenenergies and wave func-
tions are calculated in a different way than the conventional one [29]. Using
the fact that at eigenenergies, DOS is maximum, we calculate the eigenen-
ergies by locating the peaks of DOS, starting from the bottom of the con-
duction band (n-MOS) and peak of valence band (p-MOS) at a position
within the quantum well (2.5 nm deep inside the semiconductor from the
oxide-semiconductor interface). For split-off band of holes, 44 meV is added
to the calculated values to obtain the correct eigenenergies [29]. Once the
eigenenergies are found, the wave functions are calculated using Eq.(2.28). In
the development of Eq.(2.28), asymptotic boundary conditions are used [25].
Therefore, our model includes the wave function tail in the oxide region,
which is a crucial factor to calculate the direct tunneling gate leakage cur-
rent. In our model, Poisson’s equation is also solved considering the fraction
of the inversion charges within the gate-oxide region and the Fermi energy is



14

calculated using Eq. (2.6) taking into account the number of inversion carri-
ers residing within the gate-oxide region.

The calculation is started with a small value of Niny. Then Poisson’s
equation is solved and eigenenergies, wave functions, Fermi energy and in-
version charge density are calculated. However, to solve Poisson’s equation
we need pin, and Fy, where ®; is needed to calculate F,. For the starting
value of Njn,, to find the initial potential profile, we assume Piny = 0 and
solve Poisson’s equation analytically. The effective band bending, ®,, is re-
quired to calculate the depletion layer width, z;. But ®; can be calculated
if the potential profile and 2,, are known. For every starting value of Ny,
we calculate @4 using a classical formula given by [2]

Qinv = \/zqfoﬁsiNA (\/q)d + VTE((:'""QF)/VT — \/q)d) ) (229)

where
N4

T

Vr is the thermal potential and Q,,, is the inversion charge density per unit
area. Once Poisson’s and Schrédinger’s equations are solved for the start-
ing value of N;,,, the program solves these two equations self-consistently by
increasing the values of Njp, in steps up to the highest specified value of N,,,.

‘I)F = VT 1]‘[( ), (230)

As N, is increased in steps, the profile obtained for the previous value
of Niny is taken as the starting profile for the next Niny. The convergence is
checked on Fermi energy and first eigenenergy. Also, a minimum number of
iterations is set, so that the program can not get out of the self-consistent
loop before that number of iterations. This is done for increasing reliability
on the convergence criteria.

2.4 Calculation of Direct Tunneling Gate Leak-
age Current

It is well known that for an isolated system, the Hamiltonian matrix H is
Hermitian because the wave function is zero at the boundaries and the system
has bound states only. The eigenenergy values are then real. But for an open
system, the Hamiltonian matrix H is no longer Hermitian and the system
has quasi-bound states with complex eigenenergy values. The real part of
the complex eigenenergy gives the energy of resonance and the tmaginary
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part, I';;, is related to the carrier lifetime, 7i;, of the jth eigenstate in the ith
valley as [4],
. h
Therefore, carrier lifetime becomes finite, and DOS broadens around the
eigenenergy rather than becoming a delta function at that energy. In our
model, the real part of complex eigenenergy is calculated by the technique

discussed in Section 2.3, and the imaginary part is calculated by measuring
the FWHM of the energy broadened DOS.

Tij = (231)

The gate leakage current due to quantum mechanical tunneling of car-
riers from the quasi-bound states of Si inversion layer to the gate-electrode
through the gate-oxide can be calculated from the carrier concentration and .
lifetime of carriers at all the eigenstates using the following relationship [4]

N
L=y 4
¥

T
T‘ij

(2.32)

Here, J; is the coherent gate current. Gate voltage, Vg, is calculated using
the following relation

Vo =dnls + Opys + to For + B, (2.33)

where d,, is the depletion layer width of polysilicon (used as gate-electrode),
toz is the gate-oxide thickness, F,; = ¢, F, /€oz 1s the electric field in the ox-
ide and ®,,, is the work function difference between the gate electrode and
semiconductor.

The attractive feature of our model is the inclusion of inelastic scatter-
ing in the gate-oxide region. We assume that inelastic trap scattering is
the dominant inelastic scattering mechanism in the gate-oxide region [30].
Inelastic scattering in the oxide can be represented by a position and bias
dependent collision time 7.q(2; F,z ), where the position and bias dependence
is determined by the nature and the distribution of the traps present in the
gate-oxide region. In Schrédinger's equation, inelastic scattering can be in-
cluded by an imaginary potential term jV;, where

h

Vi o ——
! 21"60”(2; Fox)

(2.34)

It is known that inelastic scattering also causes broadening of DOS arcund
eigenenergies [26]. The total width of the broadened DOS is equal to the
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partial widths for the jth state in the th valley as (31]
Thij = Ty + Ty, (2.35)

where Iy is total broadening, I'; is broadening due to coherent leakage only
and I, is broadening due to inelastic scattering only.

Therefore, electrons are lost from the Si inversion layer due to inelastic
scattering at the rate of > qN;; /7., [24] where
iy
h

= 2.36

If the lost electrons from the inversion layer face an inelastic scatterer during
their journey inside the oxide, a fraction of the scattered electrons will travel
in the same direction but lose their phase memory. These electrons are in-
coherent with respect to those that did not undergo any inelastic scattering.
However, the incoherent electrons will again accurnulate equal phases and will
be in phase with one another as long as they do not undergo an additional
scattering. It is shown in (28] that all the electrons moving in a particular di-
rection at any z, travel with the same group velocity [v (2; ;) or vy (2; Eij)]
regardless of the location of last inelastic collision, where

RE[Z,-,. (Z; E,;j )]

’U;(Z; Ez'j) = 5 y (237)
Zy(z; By
: v, (o By) = TAZE B, (2.38)

and v} (z; E;;) > 0 and v, (2; Ejj) < 0. Here, +(-) denotes positive(negative)
moving electron. Now the current due to inelastic scattering only, at energy
Ei;, can be decomposed into two oppositely flowing currents as follows:

Jsij(2; Eyg) = J3i(2; Eij) + J5(z; Ey). (2.39)

Assuming that current from any eigenenegy is not coupled to that of another
eigenenergy via inelastic scattering, the left hand side of Eq. (2.39) becomes
position independent from current conservation requirement. The current

continuity equations for J;Ej can be written as [28]

d']:a;j(Z; Ez’j)
dz
¥ (z; Eyj) [a+(z; Ey;) I3z Ey) + a (2 Eij) iz Ez-j)] , (2.40)

= —a* (2 Ey) 3 (2 Byj) +

sif
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dJy;(2; Eij)
dz
r(2; By) [0 (z; By) I (23 Bi) + 07 (2 B)J5(2 ) (2.41)

= —a (z; E;)J;

sij

(2 Eij) +

where o (z; E;;) = 1/ (Twuv (2; E,,J)) describes the rate of inelastic scatter-
ing events per unit length and

(lvE(z; E4y)]
(v (23 Ba)l + log (2 By) ]

represents the fraction of the scattered electrons that travel to the right and
to the left, respectively. The boundary conditions needed to solve Eq. (2.40)
and Eq. (2.41) are [28]

r*(z Ey) = (2.42)

J;t]( oz Eij) =0 and
.] qN'L_T
Tsij

0; Ei;) =

31(
J

Here, Jm( oz; Eij} = 0 because electrons are injected only from the oxide-
semiconductor interface. Using these relations and defining the following
quantities:

1 1 1
5 E.) = + , 2.43
bz Ey) Teoll [U;(Z; E;;) U;(Z;Eij)] (243)
A(z,0; By)) = e~ J. leiBilds (2.44)
1 v} (z; Ey
§(z Ey) = — " : /) (2.45)
Tett | [v} (2 Big) — vy (23 Byy)| 7 (2 Byy)
0

B( toma 0 Ez_y) / f(Z‘, Et'j)A(z: 0; Eij)dza (246)

~tox )

we finally get the following expression [28]

J:';j( OI) E’tj) ( 01:,0 E;J) + JSU (0 E“J)
1 + B( [ 3] O E’i])

Jsij(Eij} = (2.47)

-

Now putting the value of J};(—tos; Ey;) and J;(0; Ey;) from the boundary
conditions we get

qNij [ Tsij
o 2.4
| szj( ?vJ) | 1+ B(—toz,O;Eij) ( 8)
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and the total current associated with inelastic scattering

Jo = | Jui(Ey) | (2.49)

ij

Here, B in Eq. (2.48) is a dimensionless quantity, that represents the effects
of backscattering on J,. The total gate leakage current, J , due to direct
tunneling in the presence of inelastic scattering in the oxide is

J=Jd+J, (2.50)

where J; indicates the effect of inelastic scattering on direct tunneling cur-
rent.



Chapter 3

Results and Discussions

- Simulated results both for n-MOS and p-MOS devices, based on the for-
malism discussed in the previous chapter, are presented in this chapter. The
validity of the model is checked by comparing the simulated results with other
- published simulated results and experimental data. The simulation program
“has been developed using MATLAB software and the program flow-chart
is given in Appendix A. Fig. 2.1 shows the schematic band diagram of the
device under our consideration. :

3.1 Simulated Results for n-MOS Devices

'The self-consistent analysis has been done for {100} Si surface at room tem-
perature. Si has six valleys in the conduction band. For {100} Si sur-
. face, it has two-fold (longitudinal or lower valleys) and four-fold (transverse
or higher valleys) degeneracy. The quantization effective masses and the
* density-of-states effective masses for electrons used in the model are shown
in Table 3.1." The barrier height due to conduction band discontinuity of
Si and Si0; has been taken to be 3.1 eV and the gate-electrode is n-type
polysilicon with doping concentration of Nyey = 1 x 102 /cm3. The substrate
doping concentration is taken to be Ny = 5 x 10Y7 /ems3.

Surface {100}
Valleys Longitudinal | Transverse
~ Degeneracy n, 2 4
Quantization effective mass mz/m, 0.916 0.190
Density-of-states effective mass mq/m, 0.190 0.417

Table 3.1: Effective masses of electrons in different valleys.

19
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Figure 3.1: The average distance of the inversion electrons from Si /S0, in-
terface, z,y, as a function of inversion electron density, N;,,. Oxide thickness
is t,z = 2 nm and electron effective mass in oxide is Moy = 0.50m,.

The average distance of the inversion electrons from S51/510; interface,
Zay, as a function of inversion electron density, Ni,,, is shown in Fig. 3.1.
The result closely matches with the simulated resuli reported in [32]. In
Fig. 3.1, we see that the value of z,, decreases slowly at lower values of
Niny but rapidly at higher values. We can say that the centroid of inversion
carrier distribution has the tendency to move closer toward Si/8i0, inter-
face as the gate voltage or inversion carrier density increases. The substrate
band bending, ®,, calculated semi-classically and quantum-mechanically are
shown in Fig. 3.2 as a function of surface electric field, F;. The difference
between the two calculations is negligible in the sub-threshold region (lower
Fy), but in strong inversion, ®,, calculated quantum-rmechanically is signifi-
cantly higher than the semi-classical results. This indicates the importance
of extra band bending due to QM effects, which is significant in devices with
ultra-thin gate-oxide. Similar trend of band bending is also reported in [8].
Band bending due to inversion charge only, ®;, is shown in Fig. 3.3. We
observe that ®; has very small value at small Niny but it increases rapidly
after a certain value of Ny,,, which indicates the achievement of strong in-
version. A non-zero value of ®; at strong inversion is due to the shift of the
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Figure 3.2: The substrate band bending, ®,, as a function of surface electric
field, F;. Oxide thickness is ¢,; = 2 nm and electron effective mass in oxide
is Myy = 0.55m,,.

centroid of average carriers from the Si/SiO, interface. It is @, that causes
the difference between the values in ®,, when calculated semi-classically and
quantum-mechanically. Fig. 3.4 shows the variation of Fermi energy level and
the three lowest subband energy levels of inversion electrons as a function of
surface electric field, F;. Here, the energies are measured from the bottom
of the quantum well at S3/5:0, interface. From the figure, we observe that
the energies increase with increasing Fy, and at a certain value of F,, the
Fermi energy crosses the first eigenenergy of the longitudinal valleys. This
18 due to the lower value of valley digeneracy of longitudinal valleys. Similar
trend is also observed in the numerical results reported in [8]. Fig. 3.5 shows
the relative occupation factor, N, /Niny, for the lowest four eigen states. The
occupation factor of the first eigen state of the longitudinal valley and the
first eigen state of the transverse valley shows reverse trend with variation in
Fy. Similar trend is observed in Fig. 3.4, where the difference between Fermi
energy and the energy of first eigen state of the longitudinal valley decreases
rapidly and that between Fermi energy and the energy of first eigen state
of the transverse valley increases rapidly up to 1.1 MV/cm at which Fermi
energy crosses the energy of the first eigen state of longitudinal valley. How-
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ever, total occupation'of first eigen states of the longitudinal and transverse
valleys together increases with surface electric field and this factor is over
95% at a field higher than 0.41 MV/cm. Therefore, we can conclude that
only the first eigen states of the longitudinal and transverse valleys can be
used at high bias condition with reasonable accuracy. A good agreement of
our numerical calculations presented in Figs. 3.1-3.5 with published simu-
lated results [8] demonstrates the accuracy of our numerical model.

Now we present results of our calculation related to estimation of the
direct tunneling current. Similar qualitative results have been presented
earlier in Ref. [24]. However, our calculations are different from Ref. [24]
because we have

(i) solved Schradinger’s and Poisson’s equations self-consistently,

(ii) chosen more realistic expressions for collision time,

(iii) used improved‘models for effective masses of carriers within the gate-
oxide region and |

(iv) calculated the direct tunneling gate currents in n-MOS as well as in
p-MOS devices.



23

04

0.3 -

|

........ Level T1
0.0 - .
=== Level_L2

Energ_y (eV)

t. =Inm
-0.2 |- m = 0.55m° ]

0.3 i i M 1 N 1 i 1 i ] 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Surface electric field, F (MVicm)

Figure 3.4: Fermi energy level and three lowest subband energy levels of
inversion electrons as a function of surface electric field, F;. Here, L1 and L2
are the first and second eigenstates of longitudinal valley and T1 is the first
cigenstate of transverse valley. Oxide thickness is ,; = 2 nm and electron
effective mass in oxide is m,, = 0.55m,,.

Fig. 3.6 shows the calculated lifetimes, 7,,, of inversion electrons as a func-
tion of eigenstate number, n, for a given surface electric field, F, and four
different values of ¢,,. Experimenta) direct tunneling currents for these val-
ues of oxide thickness have been reported in Refs. [7] and [8]. No inelastic
scattering is considered in Fig. 3.6. Fig. 3.6(a} is for the longitudinal valley
and Fig. 3.6(b} is for the transverse valley. It is seen that Tn exhibits rather
unusual behavior with n. It does not decrease monotonically, rather starts
increasing for the higher eigenstates. An explanation for this phenomena is
provided in Ref. {33]. Also, lifetimes are found to depend almost exponen-
tially on oxide thickness. We find that electrons in the transverse valley,
due to their smaller quantization effective mass (3], have shorter lifetimes.
Fig. 3.7 is the plot of 7, for the lowest four states as a function of F; for
toz = 2 nm. The lifetimes decrease nearly exponentially with increasing F;.
This is because of the fact that with increasing surface electric field, the oxide
barrier becomes more triangular and narrower at higher energies (Fig. 2.1)
and the tunneling transparency of the barrier increases.
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Figure 3.5: Relative occupation factor of inversion electrons, N;/N,,, for
the lowest four subbands as a function of surface electric field, F;. Here, L1,
L2 and L3 are the lowest three eigenstates of longitudinal valley and T1 is
the first eigenstate of transverse valley. Oxide thickness is ¢, = 2 nm and
electron effective mass in oxide is Moz = 0.55m,,.

Next, the effects of inelastic scattering on direct tunnéling are studied.
We first numerically investigate the validity of Eq. (2.35), on which our model
is based. We calculate Iy, for a structure with a finite toz that contains no
inelastic scattering, Iy, for the same F, is obtained from a device in which
inelastic scattering is present, but t,, — 00, so that there is no phase co-
herent direct tunneling!. [, is determined from the actual device conditions,
i.e., tor is finite and the oxide region contains inelastic scattering processes.
Tables 3.2 and 3.3 present the results for three lowest quasi-bound states
for t, = 2 nm. In these calculations, we have used two different values of
Fy (0.49 MV/cm and 1.62 MV/cm) and a constant value of Teow With no
spatial or bias dependence (107® sec). Other values and distributions for Teoll
has also been used (for example, Eq. (3.3)), and we have verified that the
qualitative nature of our conclusions does not depend on the actual distri-
bution of 7.4. For all the states (results for higher states not presented),
Eq. (2.35) is found to hold with negligible error. We have also numerically
checked that Eq. (2.35) holds for all the devices under our consideration. It
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Figure 3.6: Variation of lifetimes, 7,, with eigenstate number, 7, for a given
surface electric field, F. Four different values of ¢,, are considered. (a) is for
the longitudinal valley, and (b) is for the transverse valley.

is expected that Eq. (2.35) will remain valid as long as the total broadening
is negligible compared| to the separation between the adjacent eigenenergies.
From these tables, it |is evident that as F, increases from (.49 MV/cm to
1.62 MV /cm, the broadening due to coherent leakage increases by more than
.one order of magnitud!e, implying a corresponding decrease in lifetimes asso-
ciated with coherent t%unneling. On the other hand, the broadening due to
inelastic scattering increases relatively slowly with increasing F,. Thus I,
plays an important roile only at lower gate voltages. I'y has been found to
be quite sensitive to the quantization effective mass of electrons in silicon.

Owing to their smaller effective mass, electrons in the transverse valley has a
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Figure 3.7: Variation of lifetimes, 7,,, with surface electric field, Fj, for lowest
three longitudinal valley states (L1, L2, L3} and the lowest transverse valley

state (T1).
Number- I, I, I L+,
of state | (10712 eV) | (1072 eV) | (10712 eV) | (107" eV)
L1 0.533191 | 0.100044 | 0.433146 | 0.533190
T1 ‘2.;'288970 0.514319 1.774651 2.288970
L.2 0.525233 0.125737 0.399495 0.525232

Table 3.2: Relationship among calculated T';, Iy and I'; for the lowest two
states in the longitudinal valley (L1, L.2) and the lowest state in the transverse
valley (T1). Here, F, = 0.49 MV /cm, ey = 107° sec and t,; = 2 nm.

much larger T'y. Dependence of backscattering parameter, B, on F; for four
different t,; for the lowest two states is shown in Fig 3.8. 7. = 1075 sec
in Fig. 3.8(a) and for Fig. 3.8(b), e is given by Eq.(3.3). It is observed
that the effects of backscattering are much more significant in devices with
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Figure 3.8: Backscattering parameter B vs F; for the lowest longitudinal and
transverse valley states for a given 7.y and four different values of .z (a)
is for 7., = 1078 sec' with no spatial or bias dependence. In (b) 7.y is given
by Eq. (3.3). ' :

thicker gate oxides 'a.:nd is almost negligible in the structures with sub-2 nm
toz. Fig. 3.8 also shows that as the electric field or the gate voltage is in-

creased, backscatteriing becomes less important. 7, (Th = TinTen/(Tin + Ten))
as a function of n in the presence of inelastic scattering for a given Fj is

presented in Fig. 3.91. The lifetimes of the lower states, which are responsible
for the tunneling cuxlrent, are more severely affected by inelastic scattering.

An interesting featute observed in Fig. 3.9 is that inelastic scattering reduces
the decreasing natur:e of 7, with n for lower values of n, and in the presence

of sufficiently strong inelastic scattering, 7, even starts increasing with in-
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Figure 3.9: Effects of inelastic scattering on the lifetimes of quasi-bound
states, T, in the longitudinal valley. Here, 7.0y is given by Eq. (3.3). States
in the transverse valley also show similar behavior.

Number- I, I r, N +7T,

of state | (10712 eV} | (1072 eV) | (1072 V) | (1072 eV)

L1 3.085451 2.381057 | 0.704403 3.085460
|

T1 13.;777935 10.297753 | 3.480181 | 13.777934

L2 3.288287 | 2.698016 | 0.590262 3.288278

Table 3.3: Relationshlip among calculated T'y, I'y and T’y for the lowest two
states in the longitudinal valley (L.1, L2) and the lowest state in the transverse
valley (T1). Here, F, = 1.62 MV/cm, 7,y = 107 sec and t,; = 2 nm.

creasing n for lower st!ates. This implies that in a device with strong inelastic
scattering in the gateioxide region, an inversion electron with higher energy
will find it more difficult to tunnel out of the inversion layer.
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Figure 3.10: Measured and simulated direct tunneling gate leakage current
as a function of gate voltage for two different values of effective masses in
oxide, mgyy. No inelastic scattering is considered here. Experimental data for
t,» = 2.19 nm has been taken from [7], and for other devices has been taken
from [8].

Fig. 3.10 shows direct tunneling gate current calculated with two different
values of m,z. No inelastic scattering is considered here. It is found that for
a lower value of m,;, gate current at higher gate voltages agree well with
experimental results (experimental data for t,, = 2.19 nm has been taken
from Ref. [7] and the data for other devices has been taken from Ref. [8].),
but the current is highly over-estimated at lower gate voltages. On the other
hand, when a higher m,; is used, the agreement at lower gate voltages is
improved, but the current is under-estimated at higher gate voltages. It is
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Figure 3.11: Variation of my; with Foy for electrons. Here, four devices are
considered.

also observed that particularly at lower gate voltages, no single value of mg,
can fit the experimental data for all the devices well. Fig. 3.10 leads us
to conclude from comparison with experiment that m,; is not a constant,
rather it is a oxide electric field {or gate voltage) dependent function. Hou
and Li [13] have also proposed a field dependent effective mass for holes in
Si in p-MOSFETs. In their study, field dependence comes from the non-
parabolicity and mixing of the valence bands. We, too, argue that because
of the non-parabolicity of the dispersion relationship in gate-oxide region
(only a few mono-layers thick), a constant effective mass cannot adequately
describe electrons in gate-oxide. From different simulation runs, we come up
with the following expression of m,; as a function of F;.

Foz

Moz = M1 [1 — K1 ( - Kg)} for Fam < 1.6. (31)
K>
For

Mox = TNk2 [1 - K (-k_ — K4)} for EFp> 16 (32)
2

Here, my; = 0.6m,, Myy = 0.59m,, Ki = 0.04, Kz =1 MV/cm, K3 = 1.06,
K; = 0.9 and F,; is in MV/cm. The dependence of me, for electrons on
F,; is shown graphically in Fig. 3.11. However, for device with £, = 2.19
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Figure 3.12: Direct tunneling gate current, J, as a function of gate voltage,
V;, calculated with and without considering inelastic scattering. 7,y = 10~
sec and my, is function of F,, given in Egs. (3.1, 3.2).

nm {7} myy changes from 0.6m, to 0.62m,, M2 from 0.59m, to 0.58m, and
Eq. 3.1 is valid up to 3 MV/em of F,,. It may be mentioned that although
the existing simulated direct tunneling currents show a good agreement with
the measured data at high bias and thinner oxides, at low bias and thicker
oxides, the experimental current is much higher than the simulated cur-
rent [4, 6, 7, 8, 20]. No satisfactory explanation for this mismatch has SO
far been proposed. In our study, we include the effects of inelastic scat-
tering on direct tunneling gate current to explain the observed mismatch.
Direct tunneling gate currents, J, calculated with and without considering
inelastic scattering as a function of gate voltage, V, for five different tor are
presented in Fig, 3.12. Here, a constant value of Teatl = 107% sec is used,
Simulated results are also compared with experimental data of Refs. [7, 8]
shown in Fig. 3.10. We find that inelastic scattering process has no signifi-
cant effect in sub-2 nm ¢,, devices and good agreement with experiment for
these devices over the entire range of the gate voltage is obtained without
incorporating inelastic scattering. These results can be explained in terms
of Tables 3.2-3.3 and Figs. 3.8 and 3.9. The results for loz = 2 nm and 2.19
nm show that the mismatch between simulated and experimental currents
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Figure 3.13: Direct tunneling gate current, J, vs gate voltage, V,. Here,
Moz is function of F,, given by Egs. (3.1, 3.2) and 7, is given by Eq. (3.3).
Excellent agreement with experimental data [7, 8] is achieved for all the
devices over the entire range of the gate voltage in the presence of inelastic
scattering.

at low gate voltages are reduced by incorporating inelastic scattering effects.
However, overall match between model and data is not very good. The gate
current for these two devices is over-estimated for intermediate gate volt-
ages. Consequently, we conclude that although inelastic trap scattering can
explain the under-estimation of the gate current in structures with ¢,, > 2
nm at low gate voltages, the representation of inelastic trap scattering by a
position and bias independent Teor 15 nOt adequate for accurate modeling of
direct tunneling gate current.

It has been shown recently that the spatial distribution of traps is not
uniform throughout the gate-oxide region. Rather the traps, contributing
to inelastic scattering, are mostly concentrated near silicon/gate-oxide in-
terface [23, 34]. A detailed discussion on the spatial distribution of traps is
given in Ref. [34]. Comparison of modeled and experimental data in Fig. 3.12
also indicates that actually the effects of inelastic scattering on the tunnel-
ing current decreases with increasing bias at a rate faster than that dictated
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Figure 3.14: Gate current and contribution to gate current of the first eigen-
states (L1, T1) of longitudinal and transverse valleys. Here, m,, is function
of Fyr given by Eqs. (3.1, 3.2) and ., is function of position and field given
by Eq. (3.3).

by a constant 7.,;. We have found from our numerical calculations (results
not shown) that good agreement with experimental results cannot be real-
ized when either the spatial dependence or the bias voltage (oxide electric
field) dependence of inelastic scattering is ignored. We propose the following
expression for the inelastic scattering rate considering both the factors:

! -—i(1+(—F-°-)n)ex [/, —tw<z<0 (3.3)
Teoll B T Fog P ’ o= ‘

where 7y, Fy and [ are three empirical parameters. The oxide electric field
or bias dependence may be explained in the following way. At lower F,,
(lower gate voltage), many of the traps are unfilled and contribute to inelas-
tic scattering. As Fy, is increased, more and more traps become filled and
cannot participate in inelastic scattering process. As a result, the scattering
rate decreases at higher F,, (higher gate voltage). Fig. 3.13 shows calculated
tunneling currents with inelastic scattering rate determined by Eq. (3.3). Ex-
cellent agreement between simulated and measured results are obtained even
for devices with #,; > 2 nm over the entire gate voltage range. 7 = 1079
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Figure 3.15: The average distance of the inversion holes from Si/5i0, in-
terface, z,,, as a function of inversion hole density, N;,,. Oxide thickness is
toz = 2 nm and hole effective mass in oxide 18 Moy = 0.35m,,.

sec, Fy ~ 1.7 MV/em, [ = ¢,./5 and n = 4 have been used in our calcu-
lations. These results explain the existing mismatch between measured and
modeled direct tunneling gate currents in devices with ¢,; > 2 nm in terms
of inelastic trap scattering. Fig. 3.14 shows gate current and contributions
to gate current of the lowest two eigenstates (L1, T1) of longitudinal and
transverse valleys. Here, m,, is function of E,; given in Egs. (3.1, 3.2), Tooy
is function of position and field given in Eq. (3.3) and ¢,, = 2 nm. Here, we
see that majority percent of total current comes from the first eigenstates of
longitudinal and transverse valleys. Also, the contribution of first eigenstate
of transverse valley is higher than that of first eigenstate of longitudinal val-
ley. This is because T for transverse valley is much smaller than that for
longitudinal valley (see Figs. 3.6, 3.7)

3.2 Simulated Results for p-MOS Devices

Results for p-MOS devices are presented in this section. Again, the analysis
has been done for {100} $i surface at room temperature. In our analysis,
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and SH1 are the first eigenstates of heavy, light and split-off hole bands

respectively. Oxide thickness is tez = 2 nm and hole effective mass in oxide
18 ™o, = 0.35m,,.

Bands ma/m, | ma/m,
Heavy hole 0.29 0.433
Light hole 0.20 0.169

Split-off hole | 0.29 0.29

Table 3.4: Effective masses for different types of holes.

we have considered three types of hole bands, i.¢., heavy, light and split-off
hole bands. The quantization effective masses, m; and the density-of-states
effective masses, my for holes used in the model are shown in Table 3.4. The
barrier height due to valence band discontinuity of Si and SiQ, has been
taken to be 4.8 eV and the gate-electrode is p-type polysilicon with doping

concentration of Nyoy = 1 x 102°/cm®. The substrate doping concentration
is taken to be Np = 5 x 10'7/cms,

Fig. 3.15 shows the average distance of inversion hole distribution, Zav,
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first eigenstates of heavy, light and split-off holes as a function of surface
electric field, F,. Here, HH1, LH1 and SH1 are the first eigenstates of heavy,
light and split-off hole bands respectively. Oxide thickness is {,;, = 2 nm and
hole effective mass in oxide is Moz = 0.35m,,.

from Si/Si0; interface as a function of inversion particle density, N;,,. Com-
paring Fig. 3.15 with Fig. 3.1 we see that the centroid of inversion hole
distribution lies at a larger distance from S1/8i0, than that for inversion
electrons. This is due to the lower effective mass of holes [32]. Fig. 3.16
shows the variation of Fermi energy level and the first eigenstates of heavy,
light and split-off holes as a function of surface electric field, F. Here, the
energies are measured from the bottom of the quantum well at S7/5i0, inter-
face. From the figure, we observe that the energies increase with increasing
F;, and at certain values of Fy, the Fermi energy crosses the first eigenenergy
of heavy, light and split-off holes respectively. This is because there is no
valley degeneracy of heavy, light and split-off holes. However, although the
quantization effective masses of heavy and split-off holes are same, the Fermi
level crosses level SH1 at higher F| because the first eigenstate of split-off
hole is 44 meV higher than that of heavy hole, which causes carrier den-
sity of this state to become smaller, Similar trend is also observed in the
numerical results reported in [32]. Fig. 3.17 shows the relative occupation
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Figure 3.18: Gate current, J, vs gate voltage, Vo, for t5; = 1.81 nm. Here,
Moz = 0.35mn,, barrier height = 4.8 eV and 7.y, is given by Eq. (3.3).

factor, N;/Ny.,, of the first eigenstates of heavy, light and split-off holes.
Here, Level HH1, Level LH1 and Level SH1 refer to the first eigenstates of
heavy, light and split-off holes respectively. Also, sum of N;/N;pn, for the first
eigenstates of three different types of holes is shown in Fig. 3.17. We see that
more than 98% of the inversion holes reside in the first eigenstates of three
hole bands even at lower surface electric field 0.3d4MV/cm. Therefore, we
can say that only the first eigenstates of three hole bands are sufficient for
numerical calculation with reasonable accuracy even at lower surface electric
field. Also, relative occupation of split-off holes crosses that of light holes at
a certain surface electric field. So, inclusion of only heavy and light holes in
the calculation of hole direct tunneling would result in a significant error at
higher F; as done in Ref. [10].

In the preceding discussion we see that with respect to direct tunneling
calculation, behaviour of gate-oxide in p-MOS devices differ from n-MOS
devices in two respects. The barrier height of the quantum well and carrier
effective mass in the oxide of P-MOS devices are not the same as those of
n-MOS devices. Now we study the effects of barrier height of the quantum
well and m,; on inelastic scattering of direct tunneling carriers. Figs. 3.18,
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Figure 3.19: Gate current, J, vs gate voltage, V,, for t,, = 1.81 nm. Here,
Moz = 0.45m,, barrier height = 4.8 eV and Teot 1S given by Eq. (3.3).

3.19 and 3.20 show J vs V,, for two different values of o and barrier height.
Only ¢, = 1.81 nm is considered here and the expression of collision time
is the same as used for n-MOS devices. Comparing Fig. 3.18 with Fig. 3.19,
we see that inelastic scattering effects increase with the increase of M.
Also, the gate current increases with a reduction in m,,. Again, compar-
ing Fig. 3.18 with Fig. 3.20, we see that inelastic scattering effects decrease
in quantum wells with lesser barrier height, although the direct tunneling
current increases with reduced barrier height. However, the effects of inelas-
tic scattering on direct tunneling is more sensitive to changes in m,, than
changes in barrier height.

We present the simulated hole direct tunneling gate current and compare
the results with experimental data. The experimental data is taken from (12].
Again, m,, is not a constant, rather it is a oxide electric field or gate voltage
dependent function. From different simulation runs, we come up with the
following expression of m,, as a function of Fy..

Fos
Moz = My [1+K1 (Kc”g —K:;)j’ (34)
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Figure 3.20: Gate current, J » v8 gate voltage, V,, for t,, = 1.81 nm. Here,
Moz = 0.35m,, barrier height = 3.8 ¢V and Teot 18 given by Eq. (3.3).

Here, my = 0.34m,, K, = 0.014, K; = IMV/cm and K3 = 0.95. F, is
in MV/cm. Eq. 3.4 is graphically shown in Fig. 3.21. Note that for holes,
Mz increases with increasing F,;, while for electrons, m,, decreases with
increasing F. (Fig. 3.11). Moreover, a single expression can describe hole
Moz OVer the entire range of ¥,,. The physical reasons behind the opposite
F,. dependence of electron and hole Moz are not yet known. It may be due to
the different nature of interactions between lower and upper valley electrons
and among heavy, light and split-off holes in the gate-oxide region. Fig. 3.22
show gate current, J, vs gate voltage, V, for three different values of oz With
and without inelastic scattering. Calculated results are compared with the
measured data for the same oxide thickness as obtained from (12]. We see
that J calculated with inelastic scattering shows excellent agreement with the
experimental data for all the devices for the entire range of the gate voltage,
even though the model of Ref. [12] underestimates the gate current at low
gate voltages. Again, inelastic scattering effects are found to be significant
at lower gate voltages and in devices with gate-oxide thickness > 2 nm. It
may be mentioned that in our calculations, unlike Ref. [12], we have obtained
close match with measurement using bulk values for hole effective masses in
Si. To account for non-parabolicity and mixing of Valence bands, modified
a
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Figure 3.21: Variation of m,, with F,, for holes. Here, three devices are
considered.

hole effective masses were used in the model of Ref. {12]. However, the values
of these effective masses are derived under the assumption of zero inversion
layer charge [13]. Consequently, its validity in strong inversion region cannot
be justified. An important feature of our model is the expression of the
collision time (Eq. 3.3). The simulated direct tunneling gate currents in the
presence of inelastic scattering for both n- and p-MOS devices show excellent
agreement with experimental data using Eq. 3.3 to represent collision rate.
Therefore, we argue that Eq. 3.3 contains the essential physics of inelastic
trap scattering of inversion electrons and holes in gate-oxide region. F ig 3.23
shows the contributions of the lowest states of heavy, light and split-off holes
to the hole direct tunneling gate leakage current. Here field dependent Moz
(Eq. 3.4) and position and field dependent 7, (Eq. 3.3) are used. We see
that heavy holes have the highest contribution and the contribution of split-
off holes is non-negligible. Also, the contribution of split-off holes increases
with the increase of gate voltage. So, inclusion of only heavy and light holes
in the calculation of hole direct tunneling current, as done in Ref. [10], will
introduce a significant error.
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Chapter 4
Conclusions

An improved and numerically efficient self-consistent model for simulation of
direct tunneling gate leakage current incorporating inelastic scattering effects
in gate-oxide region has been proposed. This new model is used to study
the direct tunneling currents in n- and p-MOS devices by comparing the
simulated results with other published simulated results and experimental
data.

4.1 Summary

A model of direct tunneling gate leakage current in the presence of inelastic
scattering inside gate-oxide region is developed. The one-dimensional Pois-
son's and Schrédinger's equations are solved self-consistently including the
wave function penetration inside the oxide, The real parts of the complex
eigenenergies are calculated by locating the peaks of the energy broadened
DOS and the imaginary parts are calculated by measuring correcponding
FWHM. The wave function and the 1D DOS are calculated using Green’s
function formalism with open boundary conditions. Therefore, the model is
free from the calculation of complex eigenenergies, extensive matrix manip-
ulation and ignoring wave function tail in the oxide. This makes the model
numerically efficient and more accurate. The attractive feature of the model
is the inclusion of inelastic scattering that occurs inside the oxide. Inelastic
trap scattering has been assumed to be the dominant scattering mechanism
in gate-oxide region.

Numerical results for n-MOS devices show that electrons in the trans-

verse valley have shorter lifetimes than those in the longitudinal valley. This
is due to their smaller quantization effective mass. Also, the carrier lifetimes,
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Tn, €xhibits rather unusual behavior with the eigenstate No., n. It does not
decrease monotonically, rather starts increasing for the higher eigenstates,
Oxide thickness and F;, dependence of lifetimes are found to be almost expo-
nential. Comparing the simulated results with experimental data, it has been
found that m,; is not a constant, rather it is a oxide electric field (or gate
voltage) dependent function. Oxide field dependence of m,, for electrons is
found to be decreasing with the increase of For. Also, no single expression of
Moz can fit the experimental data for the entire range of gate voltage. The
existing mismatch between simulated and measured direct tunneling current,
at low gate voltages in devices with oxide thickness 2 2 nm can be explained
in term of inelastic scattering. The inelastic scattering effects are found to be
significant in devices with oxide thickness 2 2 nm at low gate voltages. At
higher gate voltages, the inelastic scattering effects are insignificant. How-
ever, bias and position independent constant collision time cannot explain
the existing mismatch at low gate voltages well. Appropriate spatial and
bias dependence of collision time needs to be considered for accurate mod-
eling of direct tunneling gate current. The contributions of different valleys
to direct tunneling gate leakage current shows that majority percent of the
direct tunneling current comes from the lowest state of the transverse val-
ley, although the energy of the lowest state of the longitudinal valley is lower.

Simulated results for p-MOS devices show that the inelastic scattering in
gate-oxide is sensitive to the value of Moz Relative effects of inelastic scat-
tering on direct tunneling current is found to decrease with the reduction
of my;. Also, the inelastic scattering depends on the barrier height of the
quantum well. The barrier height dependence of inelastic scattering is not
significant. For p-MOS devices, m,, is also found to be a oxide electric field
(or gate voltage) dependent function, but the field dependence of M,y for
P-MOS devices shows opposite behaviour than that for n-MOS devices. The
direct tunneling gate current for P-MOS devices can be accurately modeled
over the entire range of gate voltage with the same bias and position depen-
dent collision time as for n-MOS devices. Therefore, the bias and position
dependent expression of collision time contains the essential physics of trap
scattering. The contribution of split-off holes to direct tunneling current,
particularly at higher gate voltages, is not negligible. ‘Therefore, this effect
should not be neglected as done in some recent studies.
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4.2 ' Suggestions for Further Work

The model is developed by solving one-dimensional Poisson’s and Schrédinger’s
equations self-consistently assuming that inversion has occurred with zero
drain to source voltage. Therefore, a future work can be done for weak in-
“version, as well as for accumulation with a drain to source voltage applied.
When a drain to source voltage is applied in deep submicron devices, two-

. dimensional Schrédinger’s-Poisson’s equations will have to be solved. The
present work is done for only one gate dielectric material (Si0;). The effects
of different gate. dielectrics on the direct tunneling current can be studied.
The oxide field dependence of Moz for n- and p-MOS devices shows opposite
behaviour. The physical reasons behind this behaviour are not yet known.

~ This can bé suggested as a future study. Although the assumed expression
of bias and position dependence of collision time can accurately model the
direct tunneling gate current over the entire range of gate voltage, the expres-
sion for the collision time has been obtained empirically and a quantitative -
explanation for this expression has not been given in this work. Inelastic scat- '
tering phenomena may include energy change of tunneling electrons, which
is ignored in this work. This may also be suggested as future study.
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Appendix A

Program flow-chart:
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