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In Ultra-thin Body (UTB) devices, besides the Ultra-thin (UT) nature of the channel, which manifests in terms of

Quantum Confinement Effects (QCEs), the Band-offsets between the oxide and channel materials at their interface,

also tends to strongly impact the channel electrostatics. Despite being very accurate in calculating the band-structure

and hence considering QCEs for a given channel material, the Tight-Binding (TB) method tends to be more complicated

to use at the channel/oxide interface of MOS devices, while on the other hand the Effective Mass Approximation (EMA)

in spite of being less accurate, is a simpler approach to consider the effects of band-offsets at the interface. Given its

accuracy, we firstly use the sp3d5s∗ TB method to calculate the Band-structure and then by considering significant

k-points, efficiently incorporate the QCE into the electrostatics of Double-Gate (DG) Silicon-on-Insulator (SOI) MOS

devices. Considering these results as a reference, with the assumption of an infinite potential well, we propose a

modified Effective Mass Approximation (mEMA) approach, whereby introducing energy correction parameters, along

with the effective mass parameters, all of which are shown to be gate bias, channel and oxide thickness dependent, the

results obtained from the proposed approach are shown to have good agreement with the results from TB method. In

order to analyze the effect of Conduction-Band Offset variations on the channel electrostatics parameters, we consider

an SiO2 layer of thickness of 1 nm and show the effect of different Band-offsets on the integrated charge density and

gate capacitance, using the mEMA approach.

I. INTRODUCTION

In order to enable CMOS scaling, device structures such

as fully-depleted, Ultra-Thin film silicon-on-insulator (UT-

SOI) MOSFETs have been considered due to their ability

to significantly reduce short-channel effects1,2, thus enabling

their application in low-power digital3 as well as Analog

circuits4. With the scaling of the SOI channel and the oxide in

UTB MOS structures, Quantum Confinement effects (QCEs)5

along with carrier tunneling through Ultra-Thin oxides6, to-

gether impact the channel electrostatics. Besides the Ultra-

Thin oxide, the Band-offset at the oxide/channel interface be-

comes important to consider, as it impacts not just the car-

rier tunneling7–9, but also the channel electrostatics parame-

ters. While there has been considerable focus on quantify-

ing the effect of band-offset variation on the tunneling cur-

rent through the oxide6, the effect of Band-offset variations at

the oxide/channel interface, particularly for UTB MOSFETs,

where QCEs tend to significantly manifest, needs to be more

thoroughly understood in the context of channel electrostatics

parameters such as the integrated charge density and the gate

capacitance.

Quantum Confinement Effects seen in UTB MOS devices

can be accurately taken into account by using the semi-

empirical sp3d5s∗ Tight-Binding (TB) method, which gen-

erates the full-band structure10. By self-consistently solving

the band-structure with the Poisson’s equation, the electro-

statics of the UTB DG SOI MOS devices can be simulated.

However, the effect of considering a finite band offset at the

channel/oxide interface, on the channel electrostatics, with-

out first requiring the determination of the tunneling current is

reported to be complicated and computationally cumbersome

using the TB method11,12. Given that the effect of band-offset

variations, has primarily been analyzed only in the context of

direct tunneling current, a simplified and accurate approach

is required to simulate the channel electrostatics, considering

band-offset variations and QCEs, for UT MOS devices. In the

context of full-band semi-empirical computational methods, it

is useful to analyse the effective mass approximation (EMA)13

as a possible approach, which has been successful in describ-

ing size and bias-induced quantization effects in Ultra-Thin

channel devices14.

While the results obtained from the EMA and the TB

method are reported to match well for large SOI channel thick-

nesses, where QCEs are relatively less prevalent, however,

for Ultra-thin (UT) channels, the results differ significantly

due to the over-estimation of confinement energies in EMA

Calculations15. The accurate estimation of channel electro-

statics in the ultra-thin SOI channel requires: 1) consideration

of structural confinement; and 2) consideration of the varia-

tion of band offset at the oxide-channel interface.

In order to accurately account for QCEs, in this work, we

firstly modify the EMA approach, by introducing bias and

thickness dependent energy correction terms for ground state

and other excited states, along with effective mass parame-

ters, while considering no wave function penetration inside

the oxide (identical to high band offset). These energy correc-

tion terms and effective mass parameters are extracted through

self-consistently bench-marking the electron carrier concen-

tration and potential of the modified EMA (mEMA) approach

with results obtained from the TB Method, over a wide range

of SOI-channel thicknesses, oxide thickness and applied gate
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biases. Having obtained the effective mass and energy correc-

tion parameters, for various channel and oxide thicknesses,

we consider the case, where the thickness of the SiO2 layer

is 1 nm, for analyzing the effect of different band-offset val-

ues on the channel electrostatics parameters. By considering

the thickness of the SiO2 layer as being fixed (1 nm), we iso-

late the effect of insulator (barrier) thickness and instead an-

alyze the effect of barrier height (band-offset) variations on

the channel electrostatics parameters such as integrated charge

density and gate capacitance.

The rest of the paper is organized as follows: In section II,

the two simulation schemes considered in our work, for cal-

culating the channel electrostatics of UTB devices, are briefly

discussed, viz., the significant k-points based TB approach16

and the effective mass approximation. In section III, we

discuss the proposed modified effective mass approximation

(mEMA) approach, outlining the various parameters, their im-

portance and the procedure for their extraction through bench-

marking with the results from the TB approach in the context

of an infinite potential well. In section IV, we show the impact

of considering Conduction-Band-Offset (CBO) variations on

channel electrostatics parameters such as the channel charge

density and gate capacitance, by using the proposed mEMA

approach. Finally the conclusion is presented in section V.

II. SIMULATION SCHEME

Based on the well-known accuracy of the full-band struc-

ture approach, but with the use of the computationally effi-

cient significant k-points based approach16, a simplified yet

accurate approach to simulate the channel electrostatics pa-

rameters, is discussed first. Next the EMA approach which

serves as the basis for the proposed mEMA approach, is dis-

cussed.

A. Significant k-points based Approach

In order to efficiently and accurately simulate the channel

electrostatics of UTB DG SOI MOSFETs, we use the signif-

icant k-points selection scheme, outlined by Solanki et al.16.

Having selected the significant k-points, the band structure is

solved self-consistently with the Poisson’s equation, which is

given as

∇2φ(z) =
qρ(z)

ε
(1)

where, φ is the electrostatic potential, ε is the channel’s di-

electric constant and ρ(z) is the electron density along the di-

rection of the channel thickness (Tch). It may be noted that,

the channel thickness is a function of the number of atomic

layers (N), which, for the case of (100) surface, is given as

(N−1)×a/4. The boundary conditions at the top and bottom

oxide-channel interface are the same as used by Majumdar et

al.17.

(a)

(b)

FIG. 1. (a) Effective mass parameters in the different regions of the

device. (b) Conduction band diagram showing ground and first ex-

cited states inside the rectangular quantum well.

The electron density, ρ(z), used in equation 1, is given

below18:

ρ(z) = ∑
n

∑
k

2gk∆kx∆ky

Tch

(

EF −Ek
n

kT

)

|ψk
n(z)|

2∆z (2)

where, n is the number of energy levels in the conduction

band, the factor F is the Fermi-Dirac probability, gk is the

degeneracy factor at each k-point, EF is the Fermi level and

ψk
n(z) is the normalized wave-function along z direction. For

an intrinsic channel the EF will be equal to Eg/2.

Due to two possible spin states at each k-point, the factor

of 2 is multiplied in the above equation. The double sum-

mation accounts for the contribution of various energy levels

in the conduction band (n) at significant k points (Ek
n) in the

BZ for electron density calculation. The potential energy (-

qφ ) obtained by solving the Poisson’s equation is added with

the onsite energies at the diagonal of the TB Hamiltonian to

consider the effect of potential on the band-structure. The re-

sulting TB Hamiltonian is solved self-consistently with the

Poisson’s equation to obtain the channel charge density and

potential at a given gate voltage (Vg).

B. Effective mass approximation (EMA) Methodology

We solve the Schrödinger equation inside the oxide and

channel of UTB device, using the effective mass approxima-

tion. A single band of parabolic E-k relation is considered in

both the channel as well as inside the oxide. The effective

mass Schrödinger equation is given as:

−
1

2
∇.

(

1

m∗(z)
∇ψ(z)

)

+V(z)ψ = Eψ(z) (3)
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FIG. 2. Self-consistent procedure for extracting effective mass and

energy correction parameters through determining electron carrier

concentration and potential inside the SOI-channel, using the Effec-

tive Mass Parameters, bench-marked with electron carrier concentra-

tion and potential obtained from TB Method

where z is the tunneling direction, perpendicular to the oxide-

channel interface. Along the direction of tunneling, m∗ corre-

sponds to mox (oxide tunneling mass) inside the oxide, while

corresponding to mst (semiconductor tunneling mass) inside

the channel. All of these effective masses in the different re-

gions are clearly shown in Figure 1 (a), V(z) is the potential

energy profile in the z direction. The boundary condition for

the voltage is defined at the metal-oxide interface, which is

equal to the applied voltage at the gate terminal (Vg). The

wave-function boundary condition is kept open at metal gate

to consider leakage (tunneling) and to consider wave-function

penetration in the oxide19, as shown in Figure 1 (b). This

penetration of wave-function depends on mox and ∆Ec (con-

duction band-offset between the SOI-channel and the oxide).

The electron density inside the channel, using mdos and wave-

function (ψ), is calculated using9:

n(z) =
kBT

π h̄2
gmdos ∑

j

ln

[

1+ exp
(EF −E j)

kBT

]

ψ2
j (z) (4)

where g and mdos are the valley degeneracy (g = 1 for Γ valley)

and the density-of-states effective mass, respectively, while

ψ j is the wave function for the jth sub-band. ψ j and E j in

equation (4) are obtained from solving the one-dimensional

effective mass Schrödinger equation. In equation (4), for cal-

culating the electron carrier concentration, we consider the

contribution of the ground and first excited states. The ef-

fective mass Schrödinger equation is solved self-consistently

with the Poisson’s equation, using numerical techniques (Fi-

nite element method and Newton-Raphson method), where, a

suitable choice of the effective mass parameters enables the

EMA approach to be more accurate for thicker SOI channels,

where QCEs are not very significant.

III. MODIFIED EFFECTIVE MASS APPROXIMATION

The inability of the EMA approach to accurately account

for QCEs, in ultra-scaled devices, for tSi ≤ 5 nm, requires

modification to the existing EMA approach, where by intro-

ducing bias (gate voltage) and thickness dependent (tSi and

tox) energy correction and effective mass parameters to the ex-

isting EMA approach, we are now able to match the electron

carrier concentration and potential obtained from the mEMA

approach with the TB method. There are five parameters in

the proposed mEMA approach which includes:

∆E0: energy correction term to the ground state of the

conduction band, which enables this approach to account for

structural confinement effects.

∆E1: common energy correction to the first and higher ex-

cited states of the conduction band, which enables the consid-

eration of charge confinement effects.

mdos: Density-of-states effective mass which is extracted

form the band-structure, obtained form the TB method,

around the band minima of the Γ valley, found to be channel

thickness and bias independent, with a value of 0.23 m0.

mst : semiconductor tunneling mass which is channel thick-

ness and bias dependent.

mox: oxide tunneling mass which varies with oxide thick-

ness (tox) and is independent of both channel thickness and the

applied bias.

Utilizing the methodology outlined in Figure 2, the elec-

tron carrier concentration is determined based on equation 4.

Having obtained the electron carrier concentration, the poten-

tial is calculated using the Poisson’s equation by using a self-

consistent procedure shown in Figure 2. From equation (4),

it may be noted that it becomes possible for the mEMA ap-

proach to more accurately account for structural confinement

effects, through the introduction of energy correction terms,

for a wide range of channel thicknesses, shown for tSi = 2 nm

and tSi = 10 nm, in Figure 3. In Figure 3, the corrected ener-

gies from the mEMA approach are compared with the ener-

gies obtained from the EMA approach (energies uncorrected,

but with the same effective masses as the mEMA approach).

It may be seen from Figure 3, that for tSi = 2 nm, where struc-

tural confinement effects are significant, the corrected ground

state of the mEMA (with energy correction) is higher than

the ground state of the EMA, for almost the entire range of

gate voltages, while on the other hand, for tSi = 10 nm, the

corrected energy terms are significantly higher at lower gate

voltages. Also, from Figure 3, for the higher gate voltages,

it is seen that the ground state and first excited state of the

mEMA and EMA approaches are shown to be much closer.

Besides, the energy correction terms, another important and

distinct aspect of the proposed mEMA approach is the bias

(gate voltage), channel thickness dependence of mst and oxide

thickness dependence of mox, which enables good agreement

with the simulation results from the TB method. The val-

ues of these effective mass parameters and energy correction

terms are shown in the supplementary material (for Si channel

and SiO2 oxide layer ). Through these effective mass and en-

ergy correction parameters, the electron density and the elec-

trostatic potential along the SOI-channel thickness obtained
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FIG. 3. Position of energy states (ground-state and 1st excited state) in EMA and mEMA approach for (a) tSi = 2 nm, tox = 1 nm; (b) tSi = 2

nm, tox = 5 nm; (c) tSi = 10 nm, tox = 1 nm; and (d) tSi = 10 nm, tox = 5 nm

through the mEMA approach is compared with results from

the TB method, in Figures 4 and 5, respectively, for channel

thicknesses (tSi) of 2 nm and 10 nm and oxide thickness (tox) of

1 nm and 5 nm, for different gate voltages, where good agree-

ment may be seen, which confirms the validity of extracted

parameters. Also, a good match of integrated charge density

can be seen, over the entire range of gate voltages considered

(see supplement). It is important to clearly point out that in

this process of bench-marking the mEMA approach with the

TB method, the effect of tunneling is neglected (for an infinite

potential well), by considering the Conduction band offset be-

tween the thin silicon channel and the oxide to be very high

(8.15 eV).

IV. EFFECT OF BAND-OFFSET VARIATIONS ON
CHANNEL ELECTROSTATICS PARAMETERS

The Band-offset at the oxide/channel interface can be in-

terpreted as a reduction in the height of the potential well,

thereby impacting the channel electrostatics parameters, such

as the electron carrier concentration, integrated charge den-

sity and gate capacitance. In UTB DG SOI MOS devices,

given the strong prevalence of QCEs, particularly for tSi < 5

nm, the impact of band-offset variations either on enhancing

or mitigating QCEs, needs to be clearly analyzed, in terms

of these channel electrostatics parameters. In this section, in

order to analyze the impact of band-offset variations, at the

channel/oxide interface, we consider the SiO2 layer to have a

fixed physical thickness of 1 nm. This enables us to clearly

analyze the effect of CBO variations on channel electrostatics

parameters. In the mEMA approach, the CBOs are included

as an input, which changes the barrier height and hence the po-

tential energy and can be used to calculate the various electro-

statics parameters, by using the procedure outlined in Figure

2. It is important to point out that the extracted energy cor-

rection parameter and effective mass parameters for various

channel thicknesses and oxide thicknesses are independent of

CBO variation at the interface.

By considering CBOs ranging from 8.15 eV (infinite poten-

tial well) to 0.8 eV (approximately similar to CBO of Gd2O3

with Silicon), we show the effect of CBO variations on the

electron carrier concentration for different gate voltages and

SOI channel thicknesses. The effect of band-offset reduction

impacts the electron concentration differently, for tSi = 2 nm

compared to tSi = 10 nm, and is discussed in detail below:

• Due to strong structural confinement effects, for tSi = 2

nm, where the band-gap is much higher than its bulk

value, implying that all states of the conduction band

are located at higher energy values. This means that

most conduction electrons are located in the ground-
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state (E0), thus resulting in the higher excited states

being largely vacant. This also implies that the rel-

ative band-offsets at the interface, between the oxide

and the conduction band of the UT channel is reduced

due to strong structural confinement effects. Amongst

the states of the conduction band, probabilistically most

electrons that tunnel through the oxide, occupy the first

excited state, which is mostly vacant and has a much

reduced band-offset compared to the ground state. This

manifests in terms of a symmetric twin peak in the elec-

tron concentration profile, with reducing band-offsets,

over a wide range of gate voltages, as shown in Figures

6 (a) and 6 (b).

• On the other hand, for tSi = 10 nm, where structural con-

finement effects have significantly receded, the band-

gap is relatively closer to the bulk band-gap. Also,

the various states of the conduction band are located

at lower energy values (closer to semi-classical values),

which are relatively closer to each other, resulting in

higher CBO compared to tSi = 2 nm. Therefore, with

the decrease in the CBO between the oxide and the

channel, for tSi = 10 nm, fewer electrons tunnel through

the oxide and occupy the first excited state, as shown in

Figures 6 (c) and 6 (d). Also, it is important to note that,

for tSi = 10 nm, even in the infinite potential well, the

population of the first excited state is non-negligible,

even for lower gate voltages. This first excited state

population is further increased due to band-offset reduc-

tion, particularly at higher gate voltages, where the tun-

neling through the oxide, results in higher electron con-

centration (twin peak behavior) closer to the top/bottom

surface.

• The relatively large effect of band-offset reduction, for

tSi = 2 nm compared to tSi = 10 nm, manifests in terms

of a far more significant impact on the integrated charge

density, over a wide range of gate voltages, as shown

in Figure 7. On the other-hand, for tSi = 10 nm, the ef-

fect of band-offset reduction is negligible for lower gate

voltages and only marginally impacts the integrated

charge density at higher gate voltages.(see linear scale

plot in Figure 7 (b))

• The decrease in ground-state electron population, with

decrease in CBOs, particularly for tSi = 2 nm, indicates

a reduction in the field-effect and therefore, the gate ca-

pacitance, with increase in direct tunneling through the

oxide, which is shown in Figure 8 (a). This field effect

degradation is particularly apparent for higher gate volt-

ages. In order to enable the determination of the gate

capacitance, we neglect the effect of tunneling through

the oxide, by considering the contribution of the first

and higher excited states to be the same as the infinite
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FIG. 6. Electron carrier concentration along the depth with different CBOs for (a) tSi = 2 nm at Vg = 0.66 V (b) tSi = 2 nm at Vg = 1.6 V (c)

tSi = 10 nm at Vg = 0.66 V and (d) tSi = 10 nm at Vg = 1.6 V.
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FIG. 7. Integrated Charge (Linear and Log scale) versus gate voltage

with tox = 5 nm for (a) tSi = 2 nm and (b) tSi = 10 nm, showing effect

of CBO variation.

potential well, regardless of band-offset variations. This

basically means that we consider the effect of Band-

offset reduction only on the ground-state population,

where the ground-state electron population is shown to

decrease with decreasing Band-offsets. This manifests

in terms of a lower integrated charge density and thus a

lower gate capacitance, with reducing CBOs, for tSi = 2

nm (see Figure 7 (a) and Figure 8 (a)). Also, at higher

gate voltages, for tSi = 2 nm, it is seen that with greater

electron charge tunneling through the oxides with re-

ducing CBOs, the gate capacitance decreases implying

much diminished Field-effect (gate control). On the

other-hand for tSi = 10 nm, the effect of CBO reduction

is far lower, having negligible impact on the ground-

state population and thus on the integrated charge and

gate capacitance (see Figure 7 (b) and Figure 8 (b)).

This basically means that, for the case of tSi = 10 nm,

since QCEs are far less significant, hence effect of CBO

reduction on the channel electrostatics, is relatively less

for tSi = 10 nm case compared to tSi = 2 nm case.

Through this comprehensive analysis, we have separated the
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FIG. 8. Gate Capacitance versus Voltage at different CBOs for (a)

tSi = 2 nm , tox = 1 nm; and (b) tSi = 10 nm , tox = 1 nm , while ne-

glecting the increase in higher excited state population due to carrier

tunneling through the oxide.

effect of band-offset variations on the channel electrostatics,

by quantifying the impact of these variations on carrier tunnel-

ing through the oxide in terms of the electron concentration as

well as determining the degradation in the gate capacitance

due to band-offset reduction. This has enabled us to show

that, for tSi = 2 nm, where structural confinement effects are

predominant, the effects of carrier tunneling through the ox-

ide and the degradation of the gate capacitance are both more

significant, than at tSi = 10 nm.

V. CONCLUSION

In this work, through the introduction of energy correc-

tion parameters for the ground-state and other higher excited

states, and through the consideration of gate bias, channel

thickness and oxide thickness dependence of the energy cor-
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rection and effective mass parameters, a modified EMA ap-

proach (mEMA) was proposed and shown to agree well with

the results from the TB approach, for an infinite potential

well. This then enabled, a simplified analysis of the effect

of conduction band-offset variations on various electrostatics

parameters such as electron carrier concentration, integrated

charge and gate capacitance, clearly demonstrating dimin-

ished field-effect coinciding with higher tunneling of electron

charge through the oxide, for those channel thicknesses where

Quantum Confinement Effects are significant.

SUPPLEMENTARY MATERIAL

The values for extracted Effective Mass parameters along

with energy correction terms for ground and other excited

states over a wide range of voltages, considering no tunnel-

ing of carriers through the oxide, for SOI-channel thicknesses

tSi = 2 nm to tSi = 10 nm with oxide thicknesses of tox = 1

nm and tox = 5 nm, ensuring excellent agreement with Tight-

Binding (TB) Method, in terms of electron carrier concentra-

tion and potential, is given in the supplementary material.
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