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Abstract

To make high—performance; low-power transistors beyond the technology node of 60 nm complementary
metal-oxide-semiconductor field-effect transistors(C-MOSFETS) possible, the effect of electron mobility of the thickness of
strained Si grown on a relaxed SiGe/Si02/Si was investigated from the viewpoint of mobility enhancement via two
approaches. First, the parameters for the inter-valley phonon scattering model were optimized. Second, theoretical
calculation of the electronic states of the two-fold and four-fold valleys in the strained Si inversion layer were performed,
including such characteristics as the energy band diagrams, electron populations, electron concentrations, phonon scattering
rate, and phonon-limited electron mobility. The electron mobility in an silicon germanium on insulator(SGOI) n-MOSFET
was observed to be about 15 to 1.7 times higher than that of a conventional silicon on insulator(SOD n-MOSFET over
the whole range of Si thickness in the SOI structure. This trend was good consistent with our experimental results. In
particular, it was observed that, when the strained Si thickness was decreased below 10 nm, the phonon-limited electron
mobility in an SGOI n-MOSFET with a Si channel thickness of less than 6 nm differed significantly from that of the
conventional SOI n-MOSFET. It can be atiributed this difference that some electrons in the strained SGOI n-MOSFET
inversion layer tunnelled into the SiGe layer, whereas carrier confinement occurred in the conventional SOI n-MOSFET. In
addition, we confirmed that in the Si thickness range of from 10 nm to 3 nm, the phonon-limited electron mobility in an
SGOI n-MOSFET was governed by the inter-valley phonon scattering rate. This result indicates that a fully depleted
C-MOSFET with a channel length of less than 15 nm should be fabricated on an strained Si SGOI structure in order to
obtain a higher drain current.
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I. Introduction

As the gate channel length of complementary
metal-oxide-semiconductor  field-effect
(C-MOSFETs) shrinks below 90 nm, transport
enhanced field-effect transistors, which are classified
non classical C-MOSFETS,
become necessary. Such transistors are beyond the

transistors

as will  inevitably
capabilities of a conventional bulk silicon structure. In
addition, as the channel length of C-MOSFETSs
Yecomes less than 70 nm, the device structure will
require ultra-thin-body silicon-on-insulator C-MOS
FETs(UTB SOI C-MOSFETs) for system LSI
circuits. The UTB SOI C-MOSFET requires an SOl
thickness of less than 25 nm, which degrades both
the electron mobility and the hole mobility, because
of carrier confinement in the quantum well as a
result of the nano-scale SOI thickness (ie, a
quantum-mechanical effect).

This degradation of the electrical characteristics
can be overcome by utilizing strained silicon on a
relaxed silicon-germanium-on-insulator(SGOI) struc-
ture, forming an SGOI C-MOSFET". Such
C-MOSFETs are thus being considered as a
promising device structure” ™. The SGOI C-MOS
FET enhances both the electron mobility and the hole
mobility by reducing carrier scattering. This happens
because the biaxial tensile strain
difference in sub-band energy between the two-fold
(4p) valleys and four—fold(4y) valleys in the conduc-

tion band, thus enhancing the electron occubancy of

increases the

the two-fold valleys. Our group previously reported
the effect on electron-mohility of utilizing nano-scale
strained Si grown on SGOI, showing that the ratio of
electron-mobility the resulting

enhancement in

n-MOSFETs is 16 times higher than that in
conventional SOI MOSFETs®. In addition, our group
experimentally demonstrated that the electron

mobility in strained SGOI is influenced by the Si
thickness in the SGOQI structure, as well as by the
Ge concentrations in the SiGe layerm.
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To simulate the electronic states in the nano-scale
thickness of Si in an SGOI n-MOSFET, it is most
important to employ an accurate scattering model.
Although many papers based on theoretical work
have been published® ® 77 a definite mobility
model for a strained Si MOSFET has not yet been
published. Thus, our simulation required modifying
and optimizing the parameters of the mobility model
based on a bulk Si MOSFET.

The aim of this report is to investigate the
dependency of the phonon limited electron mobility
in an inversion layer on the thickness of nano-scale
strained Si grown for SGOI MOSFETs. An additional
goal is to study the electrical phenomena of SGOI
MOSFETs through theoretical simulation using a
quantum~-mechanical model for the electronic states
of both the two- and four-fold valleys, including
such characteristics as the energy band diagram,
electron occupancy, electron concentration, phonon

scattering rate, and phonon-limited electron mobility.
II. Simulation Model

1. Sub—band calculation

In general, the conduction band of unstrained bulk
Si has six equivalent valleys along the <100>
direction of the Brillouin zone. These six valleys in
the inversion layer on the (100) surface are classified
into two degenerate valleys with an effective mass of
0.916mp, and four degenerate valleys with an effective
mass of 0.19m;. When a tensile strain is applied by
inserting a relaxed SiGe layer, in contrast to an
unstrained Si layer, the energy of the conduction
band minima of the four-valleys on the in plain
<100> axes rises with respect to the energy of the
two-valleys on the <100> axes perpendicular to the

U3~M " The splitting energy band gap, AEran,

plane
between the two lowered and the four raised

degenerate valleys is given by

AEsyain = 067 x €V,
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where x is the Ge concentration of the relaxed
Si1-xGex layer[IS].

To simulate the electrical characteristics of a
MOSFET accurately, it is most important to extract
the transverse electric field correctly by using an
appropriate model. In our simulation, the transverse
extracted by applying
two-dimensional(2D) quantum-mechanical(QM) model
based of the
Poisson-Schrodinger different
conduction effective masses in the two—fold and
four-fold valleys. In addition, the surface carrier

electric field was a
solution

with

on a self-consistent

equations

concentrations occupying each sub-band in the

strained Si were calculated by using the following

equations:
1 - 2md2kBTF E,-E D
0
N, m’ k,T
L — 4md4kBT F E E Estram (2)
N, m’ ° kT

where N; and N'; are the carrier concentrations of
the ith sub-band of the two- and four—fold valleys,
respectively. Fy(x)= In[1+ exp(x)], and E is
the Fermi potential.

2. Scattering model

The inversion layer mobility in a Si MOSFET is
determined by three scattering mechanisms, ie,
coulomb scattering, phonon scattering, and surface
roughness scattering. Since both the biaxial strains
induced by layer and the
wave-function modulation caused by the thin Si
mainly affect phonon scattering in the effective field
range of 0.05~05 MV/cm®,

surface roughness scattering was negligible. We also

inserting a SiGe

we assumed that the

did not consider the coulomb scattering mobility,
since an undoped channel is suitable for an ultra-thin
top Si thickness of less than 20 nm in order to avoid

(563)
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mobility degradation[w]. By this reasoning, we mainly
considered the phonon-limited electron mobility and
simulated it by applying the
approximation (RTA) method ¥ with a 15 V gate
bias. The f~type, g-type, and inter- and intra-valley

phonon scattering were all calculated so as to

relaxation time

determine the phonon limited electron mobility by
using following equations.

First, the momentum relaxation rate” ¥ (B) for
intra—valley
acoustic phonons from the ith sub-band to the jth

deformation potential scattering by

sub-band, is given by the following equations:

1 v2mdD 2, T 1

o wes' W, 3)
W, ={[ &’ (@)¢ )z "
1 _ v4mdD2k T 1

T wost W, 5)
W, =& 2, (2)dz) ©

where #n%; is the degeneracy of the valley with

respect to intra-valley scattering, my is the density of
state mass in each valley, D. is the deformation
potential due to acoustic phonons, e is the crystal
density, and S
interpreted as the effective thickness of the wave
function of the ith sub  band with respect to 2.

Second, the inter-valley phonon scattering can be

is the sound velocity. Wi; is

obtained from the following four equations. The
rate(E),
phonon scattering from the ith sub-band to the jth

momentum relaxation for inter-valley

sub-band is given by

s 2
MMy Dy 1

wE, V,

iJ

1-f(EWE,)
1-f(E)

1 A
7
inter2 k

(N, + 552 )

T

(7)
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1 ﬁ”v‘t—wszDk L,(N,‘+l+l)(1 f(EUEk))

Ti‘;;{;zm X nek, W, 272 1-f(E) (8)
g} .8 2 _
il‘ — Masatyi Dy L'(Nk +lil)(1 f(E”Ek))
Totes % neE; W, J 2 2 1- f(E) (9)
Y nf 2 -
"_'lj =§"v4—>2md2Dk 1' (Nk +lil)(1 f(EuEk))
T & TWOE ¥, 2 2 1-f(B) (10)

where #/, w—qa(=4) is the degeneracy of the valley

into which the electrons are scattered; Dy and Ej are
the deformation potential and energy of the kth
is the
occupation number of the kth inter-valley phonon; the

inter-valley phonon, respectively; Nk

plus and minus signs in the expression

Gate
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Drain
n+ n+

Conventional unstrained Si

Box SIO,

Substrate Si

Gate

Source Drain

I I

n+ Strained Si - n+

Relaxed Si, Gey

EEN )

Substrate Si

a8 1. =AY clojojad F= (a) unstraned SOI
n-MOSFET (b) strained SGOI n-MOSFET
Schematic diagram illustrating the structure of (a)
an unstraned SOI n-MOSFET and (b) a
strained SGOI n-MOSFET.

Fig. 1.

BEE 2

(N P % * %) correspond to phonon emission and

phonon absorption, respectively; and flE) is the

Fermi-Dirac distribution function. 1, 4, n%_.,, and
n£4_,2 are the degeneracies of the valleys into which

the electrons are scattered, and are taken as 2, 1, and
2, respectively. To provide the parameters for the
inter-valley phonon scattering model, the Ferry
model™  was applied in the present work. We
considered equivalent inter-valley scattering, ie., from
X valley to X valley, not from X Valley to L valley.
In addition, although we recognize that the big
momentum conservation involving optical phonon
scattering could be changed by strain, we did not
take into account the phenomena because it has not
yet been published quantitatively and explicitly so far.

3. Mobility calculation
The total relaxation times, 75 (&) and 7 (E), for

electrons with energy E in the ith sub-band of the
two- and four—fold valleys, respectively, are given by
1 1

1
—(E)=—(E)+——,
T2 TacZ TinterZ (11)
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Fig. 2. Phonon-limited mobility calculated using the
scattering parameter modified in this work and
compared with experimental data obtained from
reference [22].
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1
i (E) = i
Ty Tinterd (12)

By using Matthiessen’s equation, the carrier

effective mobility 1,4 in a longitudinal field can be

described approximately as the sum of three

scattering terms® )

1 1 1 1
bt —

/’l ph lu sr

H.

ﬂeff (13)

where K. is the coulomb scattering mobility, Hpr is the
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phonon limited mohility, #, 1s the surtace roughness

mobility, and # .z is the effective mobility. Among the
three mobﬂity components, we only considered the
phonon limited electron mobility for the conventional
SOI and SGOI structures as described above.

The electron mobilities in the ith sub-band of the
two-fold and four—fold valleys are given by the
following equations:

,~ eJ: (E - E,)ti(EY(—9f / 9E)dE

H;
m,, E (E - E,)(~0f /1 9E)dE (14)
' eJ: (E-E)ti(EX~9f /9E)dE
Hy=— ,
m.,J, (E~E)-3f /9E)dE (15)

where M and m, are the conductivity masses

of the two— and four—fold valleys, respectively. The
total electron mobility is given by

H =(Zﬂ£Ni +Z/1:N,-. }Ns )_l

(16)

where N is the total surface carrier concentration

in the inversion layer.
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To investigate the dependency of the phonon-
limited electron mobility on the strained inversion
layer thickness, we varied the strained Si thickness
(Ts) on the relaxed SiGe layer, which had a Ge
concentration of 20 at®, as depicted in Fig. 1 the
doping concentration of the strained p-type(100) Si
layer was 15 x 10® cm™ and the SiGe layer was
simulated under an undoped condition. .

. Result and discussion

Utilizing a numerical simulator coded in the
C-language, we extracted the phonon limited
electron mobility curve as a function of the
transverse effective electric field in an inversion
layer, and we compared the resulting curve with
experimental results.

Figure 2 shows the phonon limited mobility
calculated by using the scattering parameter modified
in this work, along with experimental data obtained
from ref”, As illustrated in the figure, the calculated
mobility shows a good agreement with the measured
data at the middle range of the effective electric
fields(Feff). The results also confirm that the
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Si Thickness [nm]

a3 5 Si FAel gz LERH strained Si SGOL
n-MOSFETZH 4t SO n-MOSFETSl XMXF H
=

Fig. 5. Electron occupancy in a strained Si SGOI
n~MOS FET and in a conventional SOI
n-MOSFET as a function of the Si thickness.
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mobility in the strained Si MOSFET is 1.5~1.7 times
higher than that in the unstrained Si MOSFET over
the whole range of Eeff. The differences between the
simulated and experimental results could be due to
the fact that the Ge concentration in the SiGe layer
was different from that for the reference data.
Figure 3 presents the electron probability and the
energy level of the ground state under a 1.5 V gate
bias condition, for (a) a 5 nm thickness of Si in a
conventional SOI n-MOSFET and (b) a 5 nm
thickness of strained Si on a 20 nm SiGe layer with
a Ge concentration of 20 at%. The energy value of
the ground state in the strained Si SGOI n-MOSFET
is lower -than that of the conventional SOIL
n-MOSFET. This is because a tensile strain splits

‘the conduction band valleys, with the two-fold

valleys being lowered in energy and the four-fold
valleys being raised, thus indicating that volume
inversion occurs earlier in the strained Si SGOI
n-MOSFET than in the conventional SOI
n-MOSFET and the electron confinement occurs
more easily.

Figure 4 exhibits the energy difference(AE) of the
ground state between the two-fold(E0) and four-fold
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Fig. 6. Electron concentration in the inversion layer as
a function of depth from the Si surface under a
1.5 V gate bias condition.
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valleys(EQ’) as a function of the Si thickness. The
results indicates that as the Si thickness decreases
below 6 nm, the electron energy in the SGOI
n-MOSFET increases moderately, while that in the
conventional SOl n-MOSFET
because of quantum-mechanical effects.

increases abruptly

Figure 5 shows the electron occupancy in the
strained Si SGOI n-MOSFET and in the conventional
SOI n-MOSFET as a function of the Si thickness.
For the strained Si SGOI n-MOSFET, most of the
electrons are populated in the two-fold valleys and
the electron population shows no thickness depen-
dency. Note that AE(E0-EQ) in the strained Si SGOI
n-MOSFET in the
conventional SOI n-MOSFET, because of the split
conduction band valleys. On the other hand, the
in the

increased with

is much larger than that

electron population of two-fold valleys
conventional SOl n-MOSFET
decreasing Si thickness below 10 nm; this is called
the size modulation effect.

Figure 6 presents the electron concentration in the
inversion layer as a function of depth from the Si
surface under a 1.5 V gate bias condition. The results
demonstrate that some electrons in the inversion
layer of the strained Si SGOI n-MOSFET tunneled

into the SiGe layer, indicating less carrier
confinement than in the conventional SOI
n-MOSFET. '

Figure 7 shows the simulated phonon scattering
rate of both the SGOI n-MOSFET and the
conventional SOI n-MOSFET, including (a) the total
rates, (b} the
scattering rate, and (c) the intra-valley scattering

phonon  scattering inter-valley
rate. The figures indicate much less total scattering
rate in the SGOI n-MOSFET than in the
conventional SOI n-MOSFET. This is because the
inter-valley phonon scattering rate of the SGOI
n-MOSFET was much lower than that of the
conventional SOI n-MOSFET, as shown in Fig. 7(b).
In particular, although the intra-valley scattering rate
in the SGOI n-MOSFET is not so much different
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Fig. 7. Simulated phonon scattering rates: (a) the tofal

scattering rate, (b) the inter-valley phonon
scattering rate and (¢) the intra~valley phonon
scattering rate.

from that in the conventional SOI n-MOSFET as
shown in Fig. 7(c), the total phonon scattering rates
in the SGOI n-MOSFET shows higher than that in
the conventional SOI n-MOSFET as shown in Fig.

7(a). This means that the intra-valley phonon
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Fig. 8.

scattering rate did not significantly affect the total
phonon scattering rate.

Finally, figure 8 presents the phonon limited
electron mobility as a function of the Si thickness.
The result shows that the SGOI n-MOSFET has
about 1.5 to 1.7 times higher mobility as compared to
the conventional SOl n-MOSFET over the whole
range of Si thickness; this result is well agreed with
many experimental results. Note here that the
enhancement of the phonon limited electron mobility
was mainly caused by the reduction in the
inter-valley phonon scattering rate for the two-fold
valleys as shown in Fig. 7(b). In addition, It is
observed that in the thickness range from 5 to 10
nm, the phonon-limited electron mobility in the SGOI
n-MOSFET as a function of Si thickness is different
from that in the conventional SOI n-MOSFET, ie,
for SGOI n—-MOS case, it is increased with reducing
a Si thickness in , while, it is decreased with
reducing a Si thickness in conventional SOI case. It
can be attributed this that less occurrence of electron
confinement induced by the reduction in the Si
thickness happened in the SGOI n-MOSFET case,
and electrons in the inversion layer of the SGOI

Schrodinger equations. We have also studied a
mechanism accounting for the mobility enhancement
in a strained SGOI n-MOSFET, as well as the Si
thickness dependency of the electron mobility. We
observed that the phonon limited mobility in a
strained Si SGOI n-MOSFET was about 15 to 17
times higher than that in a conventional n-MOSFET,
which is well agreed with many experimental results.
In addition, we showed that the mobilify enhancement
in the strained Si SGOI n-MOSFET was associated
more with the reduced inter-valley scattering rate
between two—fold and four-fold valleys than with the
SOI structure. In particular, we confirmed that in the
Si thickness range from 10 nm down to 3 nm, the
phonon limited electron mobility in the SGOIL
n~-MOSFET is governed by the inter-valley phonon
scattering rate. This result indicates that a fully
depleted C-MOSFET with a channel length of less
than 15 nm should be fabricated on a SGOI structure
in order to obtain a higher drain current.

Acknowledgement

This work was financially supported by the Korea
Ministry of Commerce, Industry, and Energy through
the national research program named System 2010 .



2005 98 HX3HE ==X H 42 H SDE XM 9 & 17

References

[1] J. J. Welser, J. L. Hoyt, and ]. F. Gibbons, IEEE
Electron Device Lett., Vol. 15, p. 100(1994).

[2] F. Gamiz, P. Cartujo Cassinello, J. B. Roladan,
and F. Jimenez Molinos, J. Appl Phys. 92, 288
(2002).

[3] J. G. Park, T. H. Shim, T. H Lee, Y. K. Park, H.
K. Moon, S. L. Maeng, W. J. Cho, and S. D. Yoo,
Proc. Int. Symp. IEEE Int. SOI Conference, p. 61
(2003).

[4] G. S. Lee, T. H. Shim, and J. G. Park, Journal of
Ceramic Processing Research. Vol. 5, No. 3, pp.

247 250 (2004).

[5) S. Takagi, J. L. Hoyt, J. J. Welser, and J. F.
Gibbons, J. Appl. Phys. 80, 1567 (1996).

[6] S. Takagi, A. Toriumi, M. Iwase, and H. Tango,
IEEE Trans. Electron Devices ED 41, 2363
(19%4).

[71 F. Stern, Phys. Rev. 73, 8364 (1972).

[8] K. Masaki, C. Hamaguchi, K. Taniguchi, and M.
Iwase, Jon. J. Appl Phys. 28, 1856 (1989).

[9] H. Ezawa, S. Kawaji, and K. Nakamura, Jpn. J.
Appl. Phys. 13, 126 (1974).

[10] C. Jungemarn, A. Emunds, and W. L. Engl, Solid

State Electron. 32, 1529 (1993).

(111 M. V. Fischetti and S. E. Laux, Phys. Rev. B 48,
2244 (1993).

(121 M. Ishizuka, T lizuka, S. Ohi, M. Fukuma, and
H. Mikoshiba, IEDMX) Technical Digest, p. 763
(1990).

[13] G. Abstreiter, H. Brugger, T. Wolf, H. Jorke, and

H. J. Herzog, Phys, Rev. Lett 54, 2441 (1985).

[14] R. People, TEEE J. Quantum Electron QE 22,
1696 (1986).

[15] T. Vogelsang and K. R. Hofmann, Appl. Phys.

Lett. 63, 186 (1993).
[16) R. H Yom et al, IEEE Transaction on
Electron Device, Vol. 39, 1992 p. 1704 (1992).

[17] P. ]. Price, Ann. Phys. (NY) 133, 217 (1981).

[18] K. Masaki, C. Hamaguchi, K. Taniguchi, and M.
Iwase, Jpon. J. Appl Phys. 28, 1856 (1989).

(191 D. K Ferry, Semiconductors (Macmillan, New
York, 1991).

[20] M. N. Darwish, JL. Lentz, M. R. Pinto, P. M.
Zeitzoff, T. J. Krutsick, and H. H. Vuong, I[EEE
Trans. Electron Devices ED 44, 1529 (1997).

[21] C. Lombardi, S. Manzini, A. Saporito, and M.
Vanzi, IEEE Trans. Computer Aided Design
CD 7, 1164 (1983).

[(22] S. Takagi, A. Toriumi, M. Iwase, and H. Tango,

(559)

IEEE Trans. Electron Devices ED 41, 2357
(1994).



18

A e (39
1988'd &< o stul

20013 shoFui st

19883 ~2001'd A A A AiriEd
a2A7lea%w
20029 ~@A dFdsta Arxus

<FBAER: MEA BA, 24 FH

AAE e A
2002 ~ @A SFfetw ety
' AR s wAL A

o

AR} B

ol

b

£

>

Strained SGOI n—-MOSFETH A 2| phonon—limited MAHO|ZE Si £H

X R AW

(560

HEE 2

ORI EE)

1984d Folo st

AR 83 AL

g st

A3 & A AL

University of North

Carolina ¥4} £

19859 ~1998'd At AA W= A AT e 2F

1999 ~2001d A A A vi=A] AAd7)s4AH
AR

1999 d ~@ A g sta
A

<FRAECR D AAY BEA, 22 T 2A>

1983

19944

A7 5+

ol

sy



