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Abstract

A 1-D self-consistent Schrddinger-Poisson solver for dealing with strained Si
MOSFETs has been successfully constructed in- this thesis. Several quantum
mechanical properties of strainéd Si-devices-have -also been studied, especially the
ballistic performance limit and the gate direct tunneling current. Finally, a strained
double gate device has been proposed and examined. This new device might provide a
more practical way from the manufacturability point of view while being able to

create device performance superior over traditional double gate devices.
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Chapter 1

Introduction

Recently, strained MOSFET has played an important role on the way toward the
nano-scale device. Because strain changes the material’s band structure, the carrier
transport in the channel of the strained MOSFET has different manners than those in
the unstrained one. The appropriate use of the strain can improve the device
performance strikingly. Several strain technologies had been reported, which
essentially can be categorized into two methods: one is substrate-induced strain and
another is process strained Si (PSS). The substrate induced strain technology uses the
substrate composed of the two lattice-mismatch-layers. Due to this lattice mismatch, a
biaxial stress is induced in the substrate- The Si stacking on Siy.xGex is commonly
utilized. The process strained St employs special process technique to generate strain
in the channel, including STI PSS} Cap-layer PSS, and Silicide PSS [1].

To understand the influence of strain on the electrical properties of the strained
MOSFET is very important to the device modeling, and 1-D quantum simulation is
necessary to conduct this issue. Because of the simple distribution of the strain,
substrate induced strain in terms of the stacking Si on Siy;.xGex has been studied
widely. In this thesis, we develop a program to quantum mechanically simulate the
strained Si device on a MOS system and also examine the transport properties of
interest.

In Chapter 2, SCHRED, a 1-D un-strain silicon quantum simulator from the
Purdue University, which constitutes a basis for our strain version development, is
introduced. The changes made in this source code to account for strain properties are

detailed in Chapter 3, along with simulation results on the strained Si MOSFETSs ( Si



on SiixGey ). In Chapter 4, we use the simulation results to study the effect of the
strain on the direct tunneling gate current. In Chapter 5, a new strained silicon double
gate device is proposed and examined via the developed quantum simulator. Finally, a

brief conclusion is drawn in Chapter 6.



Chapter 2

1-D Quantum Mechanical Simulator

2.1 Description of the Program

As the MOSFET dimension scales down, the quantum effect is more and more
important. Beside the concerned phenomena induced by the quantum effect, like
poly-gate depletion and threshold voltage shift, the so-called subband engineering is
also an attractive subject. To study these quantum phenomena, the self-consistent
Schrédinger-Poisson simulation is needed. In this chapter, we introduce a 1-D
quantum mechanical simulator developed by the group at the Purdue University [2],
and another quantum mechanical simulator developed by our group. In addition, the
performance limit of the device.also serves as -{important guide during device
development. In this chapter, the ballistic transport or transport without scattering is
examined and linked to this limit.

SCHRED, a program developed by the group at the Purdue University [2], can
quantum mechanically simulates a MOS system associated with traditional MOSFETSs

and double gate devices. This program solves the following equations simultaneously:

o’V _ P , ,
572 P (Poisson equation) @

~hn? 0° —
2m, 572 Y +V¥Y =EY (Schrodinger equation)  (2)

For the two-fold valleys, m, =m,, and for the fourfold valleys, m, =m,. The

methods of solving Poisson equation consist of the finite difference method and the



incomplete LU method. In the underlying silicon region, Poisson equation can be

written in the form

~| P depi (z)—ez Ni,j‘\Pi,j(Z)‘z
oV _ i

022 Esi ©)

Here py., is the depletion charge density andN, ;, the 2-D carrier density in the

,j?
subband i of the valley j, is expressed as [3]

- “E, )k _E. —qVy) /K
N, ==k {In(1+e(EF 5.0) T)+In(1+e(EF Fmd%) T)} @

The first term on the right-hand ‘side of .this equation is the contributions by the

carriers injected from the source, and the'second.term from the drain.my is the

density of states effective mass for subband'i; for the twofold valleys, m,, =2m,, and
for the fourfold valleys, m; =4,/mm, . There are two extreme cases of N, ;. One
is for V, =0, the equilibrium case:

_ 2mpkT (Ee—E; ;) /KT
N. . =2 {In(1+e P )} 5)

i ] 7

Another is the non-equilibrium case at V, >>0 where the carriers from the drain are

suppressed, namely

_ mpkT (Ee—E; ;) /KT
N. . =2 {In(1+e P )} ©)

i 7



The shooting method are used to solve 1-D Schrédinger equation with the
boundary conditions W =0 at the oxide-silicon interfaces. To describe the shooting

method, let us rewrite the time-independent Schrédinger equation in the form:

2 ~ r
TV k2 (@w(2)=0, k(z)= JE‘%IE— Viz)]
a= Ir (7)

When discretized on a uniform mesh, one gets that:

Wi —t:2 —k?ﬂg }41’: +y;_ 1=0

(8)
Then,
1. Integrate the Schrodinger equation-towards-larger-z from zn;, with
. 7.9,

Wi = (2= Kk AT =,y ; )

2. Integrate the Schrodinger equation towards smaller z starting from zmax with
y 2.2,
Wi1= [-2_ kf A W=V : (10)

3. At the matching point z,, one matches the solutions resulting from 1 and 2, and
then renormalized the ¥ ; and

4. The eigenvalue is then signaled by equality of the derivatives at zy:



= = f= % W(Zm — A) =W (2, —A),

Zm Zm (1 1)

When the channel length is much smaller than the mean free path of the carrier,
the carrier can propagate through the channel from the source to the drain without any
scatterings. This is called ballistic transport. For the ballistic limit, the injection

velocity is [3]:

Vi _ [2kgmg S%[(EF_gi)/kBT]
inj m3; In(1+e(EF 41 )/keT ) (12)

where :‘s%[x] is the Fermi-Diracintegral of order.one half as defined by Blakemore

[4]. m_; is the conductivity effective mass; for the twofold valleys, m_;, =4m, and

for the fourfold valleys, m,, =4(\/m_t+\/m_,)2. The ballistic current can then be

calculated:

IBALLISTIC - Z qu,jVilr’mjJ (13)
0]

2.2 Simulation Results

Fig.2.1 shows the wave functions simulated by the SCHRED. In this figure, we
see that the wave functions of the twofold valleys are larger than those of the fourfold
valleys. Because of the heavier effective mass perpendicular to the Si-oxide interface,

the twofold valleys are preferential on the electron occupancy. Fig.2.2 shows that the



electrons mainly occupy the twofold valleys at the high gate voltage.

On the other hand, our developed quantum mechanical Simulator, the modified
version of the SCHRED, can have more features. Fig.2.3 displays comparison of the
simulated Qj,, between Si (110) and Si (100). For Si (110), the fourfold valleys
have m, =0.315m,, and the twofold valleys have m, =0.19m, [5]. Because the
effective mass m, of the Si (110) are lighter than those of Si (100), Si (110) has
poorer ability to induce Q.

Another new function is the simulation of the body effect. Because the
quasi-Fermi level of the minority carrier is lowered down due to applied substrate bias,
this gives rise to more severe band bending, as shown in Fig.2.4. The corresponding

Vi, shift is shown in Fig. 2.5.



Chapter 3

Quantum Simulation of the Strained Si Device

3.1 Simulation of the Strained Si Device

In this chapter, we show the results of quantum mechanical simulation for the
strained Si MOSFET using our developed QM Simulator, and compare with those
from Takagi, et al. [6,7].

MOSFET fabricated on strained Si layer pseudomorpically grown on Si;xGey
has better device performance than that on bulk Si. Because of the lattice mismatch
between Si and Si;«Gey, the induced biaxial tensile stress on Si layer lowers the
conduction band minima of the twofold degenerate valleys relative to that of the
fourfold degenerate valleys by 0.67x, and the:valance band maxima of the light hole
are lower than that of the heavy-hole by 0.44x+.0.219x” - 0.142x°[8], as shown in Fig.
3.1. For NMOQOS, the energy lowering. of the twofold valleys makes them more
dominant on electron occupancy. As a result, the lighter conductivity mass of the
twofold valleys and the suppression of the intervalley scattering between the twofold
and fourfold valleys enhance the device performance [7].

The following expressions concerning the dependences of material parameters

on the Ge content x have been incorporated in the our simulator:

Xsi =4.05+0.67x [9] (14)
Ess = 1.12 - 0.754x + 0.161x? - 0.2072x° + 0.058282x* [10] (15)
AE ¢ = Ec(4 fold) — Ec(2 fold) = 0.67x (16)

8



AEv = Ev(heavy) — Ev(light) =0.44x + 0.219x* — 0.142x° (17)

where Xsiis the electron affinity of the strained Si, Egsi is the bandgap of the
strained Si, AE. is the conduction band splitting between the fourfold and twofold

valleys, and AE, is the valence band splitting between heavy hole and light hole.

The following are the 3-D electron and hole density for the strained Si:

)1/3

Here, 3, [x] is the Fermi-Dirac integralof order ohe half, m*=(mim¢)*®, and m,,

and m,, are the effective mass of-the heavy-and light hole, respectively. The first
term on the right-hand side of (18) is the electron density from the twofold valleys
and the second term from fourfold valley. The first term on the right-hand side of (19)
is attributed to the heavy hole and the second is attributed to the light hole.

Furthermore, in the QM Simulator, we assume that the thickness of the strained
layer is thick enough (typically, 60nm) to eliminate the effect of the discontinuity
between Si and Si;-xGex. As a result, we only concern on the strained Si layer during
our simulation. If the thickness of the strained Si layer is thin, the Si;«Gey layer must
be taken into account because the Si-Si;xGex discontinuity will influence the
simulation results, as indicated in [9].

In addition, we neglect the variation of the curvature of the energy band. It

means that we assume the effective mass of the carrier is constant with the strain.

9



Indeed, the effective mass of the carrier is a weak function of the strain [10].

3.2 Simulation Results

In this section, the strained Si device was examined using the developed QM
simulator. Fig.3.2, Fig.3.3 and Fig.3.4 show the comparisons between our results and
those from Takagi’s research team. Obviously, comparable agreements are achieved.
In addition, we also see that the electron occupancy of the twofold valleys increase

strikingly as a result of the strain.

In Fig.3.5, the improvement of thev,; due to the strain is apparent. More results

such as in Fig.3.6 confirm that the strained.Si device is a good choice to achieve low

voltage application.

10



Chapter 4

Effect of Strain on Direct Tunneling Gate Current

4.1 Model for Direct Tunneling Current

In this chapter, we use the previous results to study the gate direct tunneling
current for the strained Si device. The gate current contributed by the carrier direct
tunneling through the gate oxide is very important for the modern device. So how the
Ge content of the strained device affects the direct tunneling current is of interest to us.
Although the direct tunneling current can be modeled accurately by the fully quantum
mechanical simulation, but it is not efficient. An analytic model for direct tunneling
current has been proposed [11],[12]. This method:is simple and feasible for moderate
to low gate voltage regime.

According to the model [11],[12],the gate-current is

1=23,=2Q,T/ (20)

i i

where J; ; is the tunneling current contributed by the carrierQ, ; in the ith subband of

the jth valley, and T and 7 are the tunneling probability and lifetime of that
subband, respectively.

As shown in Fig.4.1, electrons in each subband have different probabilities to

tunnel through the gate oxide. The transmission probability can be approximated by
T =TTk (21)

where Twkg IS the usual WKB tunneling probability valid for smoothly varying

11



potentials, and Tgr is the correction factor for the reflections from the potential
discontinuities.

The Twks Is expressed as

Eg Vzmox ! N - ! ox =U@cat
Twks = €XP [W@?/ \/;"‘\/Eg sin 17);)( =gzani|

(22)

where
0fea =A% —(Eg . + Eg ) (23)
0far = 0. — (B, + BEg) )7 9F ax Lox (24)
y = Eox (1- ) (25)
y'= (1 %) (26)

In above equations, q¢,,, and qg¢,, are the barrier heights at the cathode and anode
interfaces, respectively. mox (=0.61mg) and Ey4 (=9eV) are the effective mass and
bandgap of oxide, respectively. gFoxtox is the potential drop across the oxide. Es; «
and Eg; are the electron energy perpendicular and parallel to the interface of Si and
oxide, respectively. X, is the discontinuity between the Si and SiO, conduction
bands with a value of 3.15 eV.

The correction factor T is expressed as

12



T = 4vg; | (Esi 1 )Vox (APcqt) 4vs; | (Esi | +QFoxtox )Vox (4®an)
R

Vi1 (Egi )4VP0x (0@ )~ V3si L (Egi | +GFoxtox )+V2ox (0D, ) (27)

where
Vox =+ /me 28)
Vi) =y (29)

where v (e5,) and v (Eq . +aFoxtox) are the group velocities of the electrons incident
and leaving the oxide, respectively, and v, o) 7and v, e, are the magnitudes of
the purely imaginary group velocity of electrons.at the cathode side and anode side
within the oxide, respectively.

7, ;» the tunneling lifetime of the electrons from the ith energy subband of the jth

valley, can be written as:

g (30)

Finally, the direct tunneling current contributed by the ith subband of the jth valley

can be evaluated analytically:

QT

J. ==
Gi.j™ 5 ESi,H:}é(EF—Esi,J_) "
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4.2 Results of Simulation

With the method described above and our simulation results of the strained Si, we
now discuss the effect of strained Si on direct tunneling current. Fig.4.2 and Fig.4.3
reveal the relationship between gate current and Vg in linear and log scale,
respectively. These figures show a certain critical gate voltage above which the gate
current decreases with increasing Ge content and below which the gate current
increases with increasing Ge content. Furthermore, in Fig.4.4, the gate currents
contributed by twofold valleys are dominant at low gate voltage, and they increase
with increasing Ge content. On the other hand, the gate currents contributed by
fourfold valleys are on the order of those contributed by twofold at high gate voltage
or low Ge content. Obviously, the gate currents due to fourfold valleys decrease with
increasing Ge content dramatically:

Fig.4.5 shows the difference of direct tunnel eurrent between equilibrium and
non-equilibrium conditions. In-this figure,-we-see that the non-equilibrium state of
MOSFET increases the gate leakage current at-high gate voltage, and this degradation
is relaxed as the Ge content increases. But at low gate voltage, the non-equilibrium
state exhibits a reduction in the gate leakage current, and it is less pronounced as the

Ge content increases.

4.3 Discussion

We explain the above results as follows. Although the potential barrier for the
electron in the twofold valleys increase with increasing Ge content, the increasing rate
of Qinvat low gate voltage is much higher than that at high gate voltage, as shown in
Fig.4.6. As a result, the increasing Ge content increases the gate leakage current at

low gate voltage but suppresses the gate leakage current at high gate voltage. Fig.4.7

14



are the experiment data from AMD [13]. Although the process conditions of this
device may be different from our simulation conditions, the figure shows the same

trend as the simulation.

15



Chapter 5

Effect of Strain on Double Gate Device

5.1 Simulation of DG Device

In this chapter, double gate device simulation, another function of Purdue’s
program, is studied. A modified version of this program to study another kind of
double gate strained Si device is developed.

DG device is one of the future device candidates because of its superior device
performance over the single gate device. As mentioned in Chapter 2, the wave
function of the fourfold valleys is larger than that of the twofold valleys. This means
that the subband energy of the fourfold valleys tend to increase as the thickness of Si
layer in the DG device shrinks:to the comparable size of the wave function of the
fourfold valleys. As a result, the energy difference in:the lowest subband between the
two valley groups is widening. Such quantum confinement effect makes the twofold
valleys more preferential on electron occupancy, and results in the improvement of
the mobility due to the suppression of the intervally scattering between the two- and
fourfold valleys [12].

Fig.5.1 shows the wave function simulated by Purdue’s program for the DG
device with 5nm Si layer. Because of the space confinement of the wave function,
their shapes are quite different from those in Fig.2.1. Fig.5.2 shows that the energy
difference between the lowest subband of the two valley groups is widening as the

result of space confinement.

5.2 Simulation of the Strained DG Device

16



Now, we propose another kind of double gate strained Si device. The device
structure is shown in Fig.5.3. Fig.5.3(a) depicts that Si(100) is pseudomorpically
grown on Si1xGex. A narrow line with (100) sidewall surface is formed after etching
the strained Si. Then, after growing the thermally oxide on the sidewall, metal gate is
formed. Finally, this device is fin-FET like device. The top view of this device is
schematically shown in Fig.3.3(b). Fig.5.4 schematically displays the constant energy
surface of conduction band as viewed from the top of this device, where valley A
denotes the twofold degenerate valleys with the energy lowering of 0.67x by the
bottom strained Si, and valley B and C denote the twofold degenerate valleys

perpendicular and parallel to the interface between the oxide and Si, respectively. For

valley A,mg =2,/mm, , m.; =4m,, for valley B,m, =2m, ,m  =4m, and for

valley C, my, =2,/mm, m. =4m,:

Unlike the traditional DG device, the fourfold degenerate valleys are further spit
into two twofold degenerate valleys. Because of-the energy lowering, valley A is
preferential on the electron occupancy. As a result, the intervalley scattering between
any two valleys is suppressed and thereby only the intravalley scattering of the valley
A needs to be concerned. Theoretically, this device should have better device
performance. Unlike the subband engineering of the traditional DG device by the
space confinement, this new DG device use both strain and space confinement to
change the subband. Thus, this device can undergo subband engineering even for

thick Si layer.

5.3 Results of Simulation

With this idea in mind, our QM simulator is suitable to simulate this device by

17



modifying Purdue’s program. Fig. 5.5 and Fig. 5.6 show simulated IgaiLisTic-Ve
curves for ts;=2nm and ts;=50nm, respectively. For the thicker tg;, the inclusion of Ge
in substrate can improve the ballistic current. However, the inclusion of Ge degrades

the performance for the thinner ts;. To exploit it more, the effects of Ge content on the

ballistic current and v, for various tsj under fixed Qv are shown in Fig. 5.7 and

Fig. 5.8, respectively. Obviously, there is a lower limit of ts; to improve device
performance by the inclusion of Ge in substrate. Fig. 5.9 and Fig.5.10 reveal the
variation of electron occupancy of valley A and valley B for various ts; under different

Ge contents.

5.4 Discussion

We explain the above results-as follows. At thicker tsj, the main mechanism of
subband engineering is energy ‘splitting of-conduction band induced by strain. This
energy splitting makes the valley A ‘preferential on electron occupancy so that the
inclusion of Ge improves the device performance. However, as ts; shrinks further,
another mechanism of subband engineering, space confinement, which makes valley
B preferential on electron occupancy and competitive with the previous mechanism.
As a result, the inclusion of Ge degrades the device performance at thin ts;.

Unlike the traditional DG device, which favors thin ts;, this strained silicon
device enhances the device performance at thick ts; but degradations occur at thin tg;.
Thus, a critical thickness of Si exist, which is found to be the thickness the space
confinement starts to influence the wave function of the inversion charge. This critical
thickness is about a few nanometer (~5nm in this case), and it continues to shrink as

the dopping concentration of Si increases. Such thickness is not practical in view of

18



manufacture. This means that the strained Si provide a more practical way to improve

device performance better than traditional DG device.
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Chapter 6

Conclusion

Quantum simulation of strained Si device is successful developed. The simulated
gate current via direct tunneling mechanism exhibits distinct dependencies on Ge
content and gate voltage. Finally, a new strained DG device with better performance

than traditional DG device is proposed and examined.
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