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Abstract

Many investigations point out that when the thickness of oxide layer
is less than 2~3nm, the effective electron mobility will be degraded with
the reduction of gate oxide thickness. It is suggested that the mobility
degradation of ultrathin gate ‘oxide devices may be caused by the
Coulomb scattering from remote charge in the poly gate. Using the
channel backscattering theory and triangular potential approximation
simulator TRP, an important parameter mean free path A can be fitted to
the Fischetti’s Monte Carlo data. After fitting the mean-free-path A from
effective electron velocity in the different cases, we can distinguish the
fraction of A caused by the remote charge scattering due to the charge in
the depletion region of the poly gate and calculate the remote charge
scattering mobility p.., with A through the backscattering theory. This
new method can therefore offer a simple way to estimate Coulomb
scattering mobility . and the results have been corroborated proved

through the comparison with the recent experiment date.
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Chapter 1

Introduction

With the development of IC technology, the feature length of
metal-oxide-semiconductor field effect transistors (MOSFETs) has been
scale down to less than 100nm in the resent years. And it has also been
predicted that the feature length of MOSFETs will further scale down to
22nm in the next generation devices. However, when the feature length
shrinks until a few nanometers, the conventional classically-based carrier
transport model, such as drift-diffusion model, would lose its accuracy in
nanoscale devices. In order to deal with this issue, channel backscattering
theory constructed by Mark Lundstrom [1];[2] can serve as a key tool to
research the carrier transport in. nanoscale devices. The main merits of
backscattering theory are that (1) it can provide a clear understanding of
the underlying device physics, on the basis of a small fraction of the
channel near the quasi-equilibrium source, rather than the traditional
high-field near the drain; (2) it can meet the computationally efficient
requirement; and (3) it can furnish information about how close to the

thermal limit the device performance can achieve.

On the other hand, with the decreasing of the gate oxide thickness,
the scattering caused by the charge in the depletion region of the poly
gate of the MOSFET will decrease the mobility [3]. This scattering effect
is named remote Coulomb scattering (RCS) or remote charge scattering.

Remote Coulomb scattering shows a strong effect on electron mobility
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reduction when oxide layer is thinner than 2nm [3],[4],[5],[6].

In this thesis, we try to link backscattering theory to the remote
Coulomb scattering. With finding of the best fitting of the mean free path
A in different cases from Monte Carlo simulation [7],[8], we can calculate
the remote Coulomb scattering mobility p.s. In Chapter 2, we will
introduce the backscattering theory and a triangular potential
approximation model, which will be used in the calculations of this
component. In Chapter 3, we will show the introduction of remote
Coulomb scattering and the Monte Carlo simulation in different cases.
Chapter 4 will show how we fit the mean free path A and calculate the
remote Coulomb scattering mobility fircs. Results is comparison with the
data elsewhere [3] is shown in.Chapter 4. Finally, we will make a short

conclusion in the chapter 5.



Chapter 2
Triangular Potential Approximation and

Backscattering Theory

2-1 Triangular Potential Approximation and Quantum

Mechanical Calculation

In this work, we use a simulator developed by our group, which is
based on the triangular approximation of the electron potential well [9].
Triangular potential approximation can offer accurate results about the
behaviors of electrons in the channel. With this approximation taken into
account, we have an inversion carrier density per subband as

n.m.k.T E: —E;
N; =[‘”ﬂh%jln(l+exp( FkBT Jj] (2-1)

Where i=1,2 (valley) , j=1,2,3 (subband)....; nv is the degeneracy of i-th
valley; and mdi is the density of states effective mass of the i-th valley.
EF is the quasi-Fermi level while Ejj is the energy level of i-th valley and
j-th subband, as expressed below

2

) )

The total inversion layer charge per area is given byN,, => N,. With

known Ej;, the total inversion layer thickness can be expressed as



2¢ -E-j
_ S (0.3
3q((’:'OX FOX ( )

ij

Here F, is oxide electric field andF,, :V% . Then we can get the

average inversion layer thickness:

Z,N,
Zow =210 (24)

S

Potential drop of depletion drop Vg, can be written as

aNSsZgy, kT (2-5)
gsi q

V,

depl

=Vs—

where Vj is the band bending in the substrate.
Vs = [VG _VFB|_Vpon _Vox (2_6)

Here Vgg 1s the total flat-band voltage, V1, is potential drop due to the
poly gate depletion and V,, is voltage drop across the oxide.

Ionized impurity density per area can be expressed as

N — 2‘gsivdepl Nsub (2_7)
q

depl

With subband levels and Fermi level, the effective thermal injection

velocity at the top of the potential barrier can be expressed as [2],[10]

Ll = \/2kBTmci ( S1/2(77|=) J (2-8)

am;, ln(l +e' )
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where S1/2(77|:): e n-1e (2-9)
1(3)01+e Jz o 1+e

2

and 7, = E';(_TE‘
B

Here m,; is the conductivity effective mass of i-th subband and my; is the
density of states effective mass for i-th subband. With triangle potential

approximation, we can simplify the calculation task in our work.

2-2 Backscattering Theory

Channel backscattering theory [1],[2] assumes the carrier transport in
the channel is a wave-like flux traveling from source to drain. In this
theory, kg-T layer is the key region which controls the flux ratio passing
through the channel, where-kg 1s Boltzmann’s constant and T is the
temperature. As shown in Fig.2-1, kg-T layer represents the region from

the top of the channel potential to the point where the potential drops
around the by thermal energy of kgT/q, and this distance is named I. r. is

the channel backscattering coefficient. Multiple backscattering events
occur in this critical region, and this region determines the current at the

drain, as shown below

I, =Q. 0. = (2-10)

inv-inj l+r

c

Qv 1s the inversion layer charge density per unit area at the top of the
potential barrier, which is also the location of the virtual source, and Qjy,

appropriately follows the MOS electrostatics: Qin=Cem(Vg-Vi). Here Cegr



is the inversion gate capacitor per unit area and Vy, is the threshold
voltage. v i 1s thermal injection velocity at the top virtual source or

virtual source. Parameter r. is the channel backscattering coefficient,
standing for the fraction of the injecting flux F reflected and returning to
the source while (1-r;) standing for the fraction of the injected flux

transmitting to the drain. The r. vary is from 0 to 1. Backscattering theory

also links r. to both the quasi-thermal-equilibrium mean-free-path A for

backscattering and the critical length of kg-T layer |, as expressed below

1
= (2-11)
|

The range of r. is from 0 to 1.

2-3 Compact Models for the Critical Length |

On the basis of a parabolic potential profile around the
source-channel junction barrier of nanoscale MOSFETs, a new compact
model has been physically derived elsewhere [11], which links the width
of thermal energy kg-T layer to the geometrical and bias parameters of the

device:

VA 1 kgT

2-12
(VG _Vth )0.5 VD0.25 q ( )

I =nL

Here 1 is fixed and also is the only fitting parameter. It is expected that n
is a constant, regardless of the channel length, gate and drain voltage, and

temperature; otherwise, the applicability of the resulting model may be

-6-



limited. In the citation [11], through fitting with other experimental and
Monte Carlo simulation results, | versus the quantity of the functional

expression, as shown in Fig.2-2

kT 0.5 kT 0.5
LV, (Vg =V,,) | —2 : 2-13
vy ST ST oy

0.25

In the figure, 1 is the value of 4.1(V™"""). As expected, n remains constant,

regardless of the channel length, gate and drain voltage, and temperature.

As the result, the critical length | can be expressed as

0.25 0.5 0.5
|=41L— o o_{kBTJ (kBTj (2-14)
(VG _Vth) q aVp

Here Vv, =V,,-V, *DIBL. Vo can be extracted from a plot of inversion

layer charge versus gate voltage at low drain voltage bias. DIBL is “Drain
Induced Barrier Lowering”, which can be reasonably adjusted by

throughout the work

2-4 Injection Velocity and r. Calculation Using Simulator

TRP

In the simulator developed by our group, which named TRP, one of

the important calculation methods is implemented as below:



[log(l + eXP( e’ D]
1 1-r keT
N:E(1+r)n+ 1+[ : (2-15)

1+ch - E
log| 1+ exp Eee B
kg T

where N represents Nj,, at equilibrium state [12] and n' is new N, at Eg.
and E;.. In the program, we guess Eg. and E;. with an initial value, then
change Eg. and E;. until (2-15) is satisfied in a loop. In this way, a set of
new Eg. and E;,. can be determined and take into account the effect of r .
Injection velocity with r. can also be calculated through (2-8) and (2-9)
with known Eg. and E;.. Results of injection velocity from r.=0 to r.=1
are shown in Fig.2-3.In the figure, the injection velocity decreases with

increasing of r..



Chapter 3

On Remote Coulomb Scattering

3-1. Remote Coulomb Scattering

As the feature length of MOSFETs is aggressively scaled, the
thickness of oxide layer is also scaled simultanecously. Many
investigations point out that when the thickness of oxide layer is less than
2~3nm, the effective electron mobility will be degraded with the
reduction of gate oxide thickness. It is suggested that the mobility
degradation of ultrathin gate oxide devices may be caused by the

Coulomb scattering from remote charge in the poly-crystalline silicon

gate (poly-gate) [3],[4],[5].[6].

Fig.3-1 shows the band structure diagram of poly-Si/gate
oxide/p-substrate at a positive gate bias. The ionized doping impurity
atoms in the poly-gate depletion layer cause the changed impurity charge.
These impurity charges give rise to Coulomb interactions, thus making
the redistribution of the electrons in the inversion layer. Note that the
redistribution of electrons in the inversion layer will cause the doping

impurity charges to be screened as well [7].

On the other hand, in the short channel devices, the long-range
source/drain-channel Coulomb interactions do not subtract momentum

directly from the electron gas, but indirectly increase the



momentum-dissipation process. However, the gate-channel interactions
can directly make a transfer of the momentum from the elections in the
channel to the electrons in the gate. Thus it is expected to depress the

channel effective electron velocity [7],[8].

3-2. Comparison with Monte Carlo Simulation
Fig.3-2 shows the Monte Carlo simulation results of effective

electron velocity v ¢ in [7],[8]. In the simulation, the channel length and

oxide thickness of the devices are scaled linearly from
L=100nm/tox=5.6nm to L=11.8nm/tox=0.7nm. Substrate doping Nsub is
doped from 1E17cm™ to 8E17cm” with the scaling down. The poly-Si
gate doping level is fixed at 1E20e¢m”. All parameters are shown in
Table.3-1. The simulation is biased at Vp=Vs=1V. Three different
comparisons have been made:;“Full Coulomb effect” includes
interactions in the source/drain-channel and gate-channel due to the
remote Coulomb scattering. “Metal gate” has only Coulomb interactions
in source/drain-channel but ignoring the Coulomb drag across the gate
insulator. “No Coulomb effect” suppresses all Coulomb interactions and
plasma oscillations. The result shows the effective electron velocity
gm/Cg (here gm is transconductance per unit width and Cg is the
capacitance per unit area of gate) versus the metallurgical channel length.
From Fig.3-1, the effective electron velocity appears to increase as the
channel length decreases until the channel length goes down to around
25~40nm. When the channel 1s shorter than 40nm, the effective electron

velocity does not increase with decreasing channel length. This is because

-10 -



of the increased momentum dissipation as the channel length decreases in

the presence if the Coulomb interactions.

It is very interesting to examine the change of the conditions effective

election velocity under different Coulomb interactions, specially linking

the effective electron velocity with backscattering theory.

-11 -



Chapter 4
Remote Coulomb Mobility Parameter

Extraction

4-1. Mean Free Path A

In our study, we try to fit mean-free-path A, an important parameter in
backscattering theory, to the Fischetti’s MC data [7],[8] achieved by
means of the triangular potential approximation simulator and the
backscattering theory. After fitting the mean-free-path A from effective
electron velocity in the different cases, we can distinguish the fraction of
A caused by the remote charge scattering due to the charge in the
depletion region of the poly gate and calculate the remote charge

scattering mobility .. with A, through'the backscattering theory:

(4-1)

I-r,
Uett = Uy l+r
C

. 1
1+/:

(4-2)

Here the injection velocity v i, 1s also a function of r.. When r, changes
from O to 1, the change of v i,j 1s only about 11~17% in different devices.

It means that r, is the main parameter which can mainly determine v o

in (4-1). The critical length | is derived from (2-14). We can adjust A to

change r. and v ., so that the effective electron velocity in Fig.3-2 can

-12 -



be best fitted. With this method on the bases of backscattering theory and
triangular potential approximation simulator, we can straight forwardly

examine the remote Coulomb scattering effect.

Case I: No Coulomb Effect

In the simulation of “No Coulomb effect”, there are not any Coulomb
interactions in source/drain region or gate region. We tried different
length of mean-free-path A, at L=11.8, 25, 50, and 100nm under DIBL=0,
100, and 200 mV/V, and found the best fitted A;. The fitting results are

shown in Fig.4-1.

Case II: Metal Gate

“Metal gate” means that it does not contain gate-channel interactions
but contains interactions between ' source/drain and channel in the
simulation. Here, we assume that the Coulomb interactions between
source/drain and channel do not make any change in the mean-free-path
A1. Instead, these interactions between source/drain and channel affect the
potential along the channel, which in turn results in the change in the
critical length |. With this in mind, we can use the mean-free-path A,
which is fitted from “No Coulomb effect” as known parameters. Then we
can fit another set of critical length I’ from the effective electron velocity
of “Metal gate”. The fitting results are shown in Fig.4-2(a). Here we
assume that the difference between critical length in “No Coulomb
effect” | and critical length in “Metal gate” I’ would be the form of
“times”. In other words I’=A*l. The results of “times” A are shown in
Fig.4-2(Db).

-13 -



Case III: Full Coulomb Effect

“Full Coulomb effect” includes remote charge interactions both in
source/drain-channel and gate-channel. On the other hand, not only
critical length | but also mean-free-path A are affected by Coulomb
interactions. Here we use the same critical length I’ fitted from “Metal
gate” because in these two cases, Coulomb interactions in
source/drain-channel cause the same effect on the both cases. Then we
can fit new mean-free-path A, from effective electron velocity in case of

“Full Coulomb effect”. The fitting results are shown in Fig.4-3

4-2. Remote Coulomb Scattering Mobility

After analysis of the difference between ‘“Metal gate” and “Full
Coulomb effect”, it can be argued that “Full Coulomb effect” contains the
Coulomb drag across the gate insulator-but “Metal gate” does not. This
difference corresponds to the difference between the mean free path A of
“Metal gate” and “Full Coulomb effect”. The difference of the A; and A, is
due to the fraction caused by gate remote Coulomb scattering due to the
impurity charge in the depletion layer of poly-gate. In other words, we

can express the relationships as follows [1],

1 1
-y L @43

Han Z Hi ( )

res M (4_4)

QU

1 1 1
L1 4-5
2‘2 ﬂ'l )’rcs ( )

With these relationships incorporated, we can calculate the gate remote

-14-



Coulomb scattering mobility p.:

qﬂ“rcsuinj

=——=1 (4-6

lLerS 2kBT ( )

Fig.4-5 shows the results and the comparison with [3]. The results and the
trend are quite the same with each other. Notice that we cannot get . at

tox=5.6nm. The reason i1s that tox=5.6nm is too thick so that the

gate-channel remote Coulomb effect almost vanished [13].

-15-



Chapter 5

Conclusion

Remote Coulomb scattering is not ignorable when the thickness of
oxide in MOSFET is less than 3~4nm. Effective electron mobility and
effective electron velocity are both degraded with the reduction of oxide
layer thickness. Many works have been done on this issue. With the
backscattering theory, an important parameter in terms of the mean free
path A can be fitted from the effective electron velocity under different
remote Coulomb effects. The fitting result can be used to calculate the
remote Coulomb scattering mobility |i;s. This new method can therefore
offer a simple way to estimate Coulomb' scattering mobility p.; and the
results have been corroborated proved through the comparison with the
recent experiment date. Some investigator has noticed that backscattering
theory will be a powerful tool in research of remote Coulomb effect in

ultra-short channel devices [14].

-16 -
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Fig.2-1 Schematic diagram of backscattering theory.
F is the incident flux from the source. | is the distance from
the top of the barrier to the point where the potential drop is

kgT/q. r. is the channel backscattering coefficient.
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Fig.2-3 Injection velocity from r.=0 to r==1. V3g=0~1V and
Vp=1V for tox=1.4nm and Npoly=5E19cm’3. Injection

velocity decreases with increasing r..
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Fig.3-1 Band structure “of poly-gate/oxide/p-substrate at

positive gate bias.
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L(nm) 100 50 25 11.8
tox(nm) 5.6 2.8 1.4 0.7
Npory(cm™) 5E19 5E19 5E19 5E19
Nyup(em™) 1E17 2E17 4E17 8E17

Vino(V) 0.258 0.218 0.189 0.171

Table.3-1 Parameters of devices in the Monte Carlo

simulation.
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Fig.3-2 Results of Effective electron velocity from Monte

Carlo Simulation.
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Fig.4-1 Fitting results of A; (No Coulomb Effect) under

DIBL=0, 100, and 200 mV/V.
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Fig.4-2 (a) Fitting result of | of (No Coulomb Effect) and I’ (Metal
Gate). (b) The Times A of | (I’/1)
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Fig.4-3 Fitting result of A; (Full Coulomb Effect) under

DIBL=0, 100, and 200 mV/V
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Fig.4-4 Comparison of mean free path A of “No Coulomb

Effect”, “Metal Gate”, “Full Coulomb Effect”
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Fig.4-5 p.s comparison with the data in Ref.[3].
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