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Abstract

For nanoscale CMOS applications, strained-silicon
devices have been receiving considerable attention
owing to their potential for achieving higher
performance and compatibility with conventional
silicon processing. In this work, an analytical model
for the output current characteristics (I-V) of
nanoscale bulk strained-Si/SiGe MOSFETs, suitable
for analog circuit simulation, is developed. We
demonstrate significant current enhancement due to
strain, even in short channel devices, attributed to the
velocity overshoot effect. The accuracy of the results
obtained using our analytical model is verified using
two-dimensional device simulations.

1. Introduction

Silicon-based MOSFETs have reached remarkable
levels of performance through device scaling.
However, it is becoming increasingly hard to improve
device performance through traditional scaling
methods. Strained-silicon devices have been receiving
considerable attention owing to their potential for
achieving higher performance due to improved carrier-
transport properties, i.e., mobility and high-field
velocity [1], and compatibility with conventional
silicon processing [2]-[4]. Tremendous improvement
in static and dynamic CMOS circuit performance has
been demonstrated using strained SOI as well as
strained-Si/SiGe MOSFETs [5].

The aim of this paper is to develop a simple current-
voltage analytical model for the output current
characteristics of nanoscale bulk strained-Si/SiGe
MOSFETs taking into consideration (i) the effect of
strain on mobility and velocity overshoot and (ii)
impact ionization. The output characteristics of the
strained Si/SiGe MOSFETs are calculated for different
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Fig.1 Cross-sectional view of the strained-Si/SiGe MOSFET
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Ge mole fractions, gate oxide thickness and gate work
function. The accuracy of the model has been verified
using two-dimensional simulation. It has been
demonstrated that our model predicts the drain current
accurately under different bias conditions.

2. Strained-Si/SiGe nMOSFET and the
effects strain

The cross-section of the nanoscale bulk strained-
Si/SiGe MOSFET considered in this study is shown in
Fig. 1. The low field mobility of carriers (W) is
enhanced due to strain in Si thin films grown
pseudomorphically over a relaxed SiGe substrate [6].
However, for short channel devices, high-field effects
like velocity saturation work against this enhancement,
and hence the benefits of strained-Si for sub-100 nm
CMOS are not obvious. In spite of this, enhanced
current drive and transconductance has been
experimentally observed in deep submicron strained-Si
devices as well [7]. Non-local effects like velocity
overshoot become prominent as MOSFET dimensions
shrink to the nanoscale regime, and this is directly
related with the aforementioned improvement in
current drive observed in short-channel MOSFETs [8].
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It has been shown that an electric field step can result
in the electron velocity when it exceeds the saturation
velocity for a period shorter than the energy relaxation
time 1, (Which is an average time constant associated
with the energy scattering process, or the time needed
by the electron to once again reach equilibrium with
the lattice), thus causing the electron to approach
ballistic transport conditions. Strain in the silicon thin
film also leads to an increase in the energy relaxation
time (ty,) of carriers, thus increasing the velocity
overshoot [9]. Hence, to account for current
enhancement in short channel strained-Si devices, the
velocity overshoot effect has to be considered [10].

A. Mobility considerations

The low-field mobility of carriers is enhanced in
strained-Si channels on SiGe substrates due to reduced
phonon scattering [11] and carrier redistribution in the
modified energy-subband structure [12]. The mobility
enhancement factor ‘e,” for electrons, for different
values of Ge mole fraction ‘x’ of the relaxed SiGe
substrate, is calculated based on theoretical models
[11,13] as

en=1 forx=0,

e,=1.46 forx=0.1,

e, =1.68 forx=0.2 (D)

The above values are found to agree well with
experimental data [14]. The electron mobility
enhancement is found to be sustained at high values of
the transverse electric field ‘E, as well (~70%
enhancement (e, = 1.7) for x = 0.2, even for E. as
high as 1.5 MV/cm) [3]. Using the Watt mobility
model, the effective mobility of inversion layer
electrons in the channel at the gate-oxide/strained-Si
film interface can be written as [15, 16, 17]:

_ _ izl
/’leff = (/Jp}ll + lusrl + /Jc ] ) (2)
E. -0.16
where fa=e, (481)[ 15,2 ] s

E . -2.17 N 1.07 1018
=e,(591)| =L | p =e, (1270)] 2 :
/usr e/z( )(loﬁj /uC en( )[1012) [NA ]

Here u,, is the mobility associated with phonon
scattering, u, is the mobility associated with surface
roughness scattering and g is the mobility associated
with coulomb/ionic impurity scattering, all in units of
cm?*/V.s. The transverse electric field E,; is given by
[18]:

E .:i[Nﬁ%j (3)

eff
&y

i
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where N,, = Cox (VGS - th) and N, =N x,.

In equation (3), N,,is the inversion electron sheet
density (per unit area), N, is the bulk depletion charge
density per unit area under the gate, and x, is the
average depletion depth under the gate as given below:

2%y (’f/ +%xdl)+(L_2xd1)xdv ,

.xd = L L > 2xd1 (4)
1 r . x
xd;rj+5 xf,l——+97‘”, L<2x, 5)
where 5 _ -1 [ L ], and 2856V b sice
2xy gN

is the lateral source-body and drain-body depletion
region width. The parameters in equations (4) and (5)
are defined in Fig. 1.

B. Velocity overshoot effects

To account for velocity saturation in nanoscale
devices at high longitudinal electric fields, the
following two-region piecewise empirical model for
velocity vpp(x) versus longitudinal electric field E, (for
electrons in the inversion layer) has been used [19, 20]:

for £(x)<E (6)
/13 x sat
Vop (x) =" E, ( ) ’
14 et =
2‘)30’
VDD (x) = vsat for E()C) > Esut (7)

where E,,; = 2vy./ oy is the saturation electric field, vy,
= 10" cm/s is the saturation velocity [15], and x is the
distance from the source along the channel.

The above is a simple drift-diffusion model for
carrier transport. However, for nanoscale devices, non-
local effects like velocity overshoot play a significant
role. This overshoot occurs in scaled devices because
of the large gradient in the longitudinal electric field in
the channel, and the average carrier transit time from
source to drain being comparable to, or less than, the
average energy relaxation time, 7,, [21]. The carrier
kinetic energy, or equivalently the carrier temperature,
lags the local field due to this finite energy relaxation
timer,, or relaxation length &E,). When carriers are
injected into the high-field region of a scaled MOSFET
channel, their random thermal kinetic energy is smaller
than that implied by the local field. Since the carrier
mobility is inversely proportional to the carrier energy,
these carriers have mobilities that are high, and
therefore move with velocities higher than those
implied by a local velocity-field model, i.e., they
experience, on the average, quasi-ballistic flow. The
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average velocity of the carriers can hence be higher
than the saturation velocity. Thus, including the
velocity overshoot effect, the expression for carrier
velocity along the channel is modified as [22-24]:

v(x)=vp (x)(l +5(EE)‘ZZJ =V, (x)(1+2;mér dzj ®

Due to strain, the high field transport properties of
carriers in the inversion layer are also modified.
Although the change in the saturation velocity with
strain is expected to be small, transient transport
calculations at high lateral (longitudinal) fields show a
significant enhancement of the transient velocity
overshoot with increasing energy splitting between the
conduction subbands i.e. with increasing strain [9].
This effect can be attributed to an increase in the
energy relaxation time with increasing strain [7]:

x

r,=0.1ps for x=0, 7,=0.15ps for x=0.1,
7, =0.2ps forx=0.2 )

where x is the Ge mole fraction in Si;.,Ge, substrate.
From equations (6) and (8), we get

_ ’Lleff 2vm z-w dE‘c 10
)=t 1 e "
1+ eff ~x x
2v

sat
To estimate the gradient of the longitudinal electric
field along the channel, we assume a quadratic
variation of the electrostatic potential along the
channel as

V(x)= (1—£j@x+g@x2
where a is a constant that could be dependent on
device parameters and technological features of the
MOSFET. Comparing model with simulation, we get a
~ 0.2. Thus,

dE,_ V() _ V),
dx dx’ r (12)
This approximation is quite valid in strong inversion
conditions and similar expressions can also be found in
[25, 26]. It helps us in finally obtaining a closed form
analytical expression for the output drain current.
Substituting (12) into (10) we get,

v(x):—'u‘ﬂ [Ex +kV—D25j
4 B L
2v

sat

(13)
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where k = sal W

3. Model for the output Current-voltage
characteristics

To derive the current expression, we first write the
current at any point X along the channel as

1, =WQ,, (x)v(x)=WC, (Vos =V, =V (x))v(x) (14
where W is the device width. Therefore,
1
v(x) = L. (15)
we,, (VGS V- V(x))
Putting (13) in (15) and using g = dV(x) we get:
! dx

M, dv av V/)‘

1, [szﬁ d)(cx)J =u,WC, (VGS -V, —V(x))[d)(cx)+kL;J
(16)

By integrating the above equation from x= 0 to x= L
and V(0) = 0 to V(L) =Vps, we arrive at

we 2 2
1D:M [(VGSVth)VD VDéj(ij+kan
L[H”WVDS] 2 L) 12 L

2v,, L
for VDS SVDS,ml (17)
where v _ Vs =Va
DS,sat — V _V
1+ GS th
E,L

is the drain voltage at which the carriers at the drain
become velocity saturated [20]. When Vg is greater
than Vpga, the velocity saturation or pinch-off point
moves towards the source, away from the drain, by a
distance /;. The voltage difference Vpg - Vps,ar appears
across this distance /;, where /; is the channel length
modulation, given by [26]:

Vs =Vos.s
I, =1 sinh ™| 25—t (18)
lcEsat
where | = EaXay s 0 Esi t Esige Cd - Cav
c Z(CGX + Cd ) av 2 xdv

and x,,, the vertical depletion region depth due to gate
bias only, is defined as

X, = 2gSiGe (¢th — I/sub) S
dv q ]\[{4

b, = 2¢F,Si +AP >
—(AE )
A¢57Si _ ( g).\'—SI

N, ..
+V,In| 5515
q NV,S—SI
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where ¢, is the minimum surface potential required for
inversion [26], 1; is the source/drain junction depth, L
is the channel or gate length, and Vy,, is the substrate
bias. ¢, is that value of surface potential at which the
inversion electron charge density in the strained-Si
device is the same as that in unstrained-Si at threshold
[26] (i.e. Ag,.s; = O for unstrained-Si). Hence, to obtain
the current expression in the saturation region, we
integrate equation (16) fromx =0to x =L - I3, and get

Heoy WCox

suppressed intervalley scattering and reduced effective
mass, due to the strain-induced conduction band
energy splitting [1]. However, high-field and transient
transport properties are expected to dominate the
characteristics of deep submicron MOSFETs. Hence,
hydrodynamic (HD) (energy balance) device
simulations were carried out using MEDICI [15] to
analyze the impact of low field mobility and high field
transport on device characteristics. In hydrodynamic

V2 2 2
ID.vaz = v |:(VGS _Vlh)VDS,.va; (14—%@(1_%)}_ D;sar _g VlDlS (l—lzdj (1_%_§%j}
L(l_lu”etfmw] DS

L 2v. L

Equations (17) and (19) reduce to the familiar velocity
saturation limited drift-diffusion current model given
in [20] - and used in many previous works - for k = 0
i.e. no velocity overshoot.

To complete the analysis, we consider the impact
ionization and avalanche multiplication of carriers in
the high-field region near the drain in the saturation
regime. The generation current (due to holes flowing
into the substrate and electrons flowing out of the
drain), can be written as [28]:

[G = (M - 1)ID,sat (20)
where the multiplication factor (M-1) is given by [29]

(M - 1) = a(VDS Vs sa )exp(ﬂ] @)
VD ~ V' DS sat

where o and g are fitting parameters [30]. We have
used a = 0.15 (V') and = 15.7 V (from [29]) in our
model. For strained Si devices, the ionization rate
increases with increasing strain, because of the
reduction in the bandgap of Si — (4E,),.s; - induced by
the strain at the Si/SiGe heterointerface [9]. Hence the
multiplication factor is modified as:

i Jexp( (AE,), ]
Vos = Vs sa qv;

(22)
Hence the total drain current in the saturation region
can be written as

I,=1 +1, for V>V,

D,sat

(M _1) = (VDS - VDS,.\'ut)eXp(

(23)

S, sat

4. Results and Discussion

The low-field mobility enhancement in
strained-Si n-MOSFETs can be explained by
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for Vpg >Vpssu  (19)

modeling of current transport, the strength of transient
transport behavior is represented by the energy
relaxation time z,. With increasing strain, z, increases
and almost doubles for x = 0.2, indicating that the
transient electron velocity overshoot is significantly
enhanced. The Watt surface mobility model is used to
model the transverse-field dependent low field
mobility, whereas, the high lateral-field transport is
modeled with “carrier temperature based mobility”
(TMPMOB) [16]. In this approach, the energy balance
equation is locally solved concurrently with the drift-
diffusion equation, to calculate the local mobility as a
function of the local carrier temperature. The device
parameters used in our simulation are given in Table 1.

Fig. 2 shows the drain current enhancement
with change in strain (Ge content in SiGe) for a gate
length of 50 nm and Vg5 = 0.75 V. However, for a
particular technology, it is desirable to have
approximately the same V), for various devices. To
exclude the contribution of decrease in V3 to current
enhancement, we plot the normalized current (Ipg(Vgs-
V)") versus drain voltage. We can observe that there
is a significant increase in the drain current with
increasing strain. This can be attributed to three main
factors: (i) the increase in electron velocity overshoot
due to increase in the energy relaxation time 7,, (ii)
increase in low field mobility and (iii) decrease in
threshold voltage V.. Thus it is evident that strained Si
provides current enhancement even for nanoscale
devices.. Clearly, we can see that strained Si offers
tremendous improvement in current drive. The model
predictions are in close proximity with simulation data.

Figs. 3 and 4 show the output characteristics
for different Ge mole fractions ‘x* (0 and 0.2
respectively), and the corresponding gate oxide
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Fig. 2 Comparison of normalized drain current for different Ge Fig. 5 Output characteristics for x = 0.2, ¢,,= 2nm and ¢~ 4.71 eV
concentrations.
, Table 1: Device parameters used in the simulation for the
X 10 output characteristics of s-Si/SiGe MOSFET
© MEDICI tx f g Parameter Value
— Model ox™ <M
1.5L ] Ge mole fraction of SiGe substrate, x 0-0.2 (0—-20%)
_ Vgs=1V Source/Drain doping 2x10%* cm’®
£ Body doping, N, 10" cm?
= Gate Length, L 50 nm
< Tr Gate Oxide Thickness, ¢ 2.0 nm— 6.0 nm
.g Work function of gate material, dm 4.35 eV (n+ poly Si)
- Strained-Silicon film thickness, 7, 15 nm
0.5 o Source/drain junction depth, 7; 50 nm
Substrate bias, Vi, 0 Volts (Gnd)
Vgs=04VY
- EEO00E0Eae00000000 Drain bias, Vps 0.0 — 1.0 Volts
F.C Sh e Gate bias, Vs 0.4 —1.0 Volts
0 0.2 0.4 0.6 0.8 1 Vu=0257)
Vds (Volts)
Fig. 3 Output characteristics for conventional unstrained MOSFET . )
(x=0) thicknesses ¢,,, in order to keep roughly the same value

of V; ~ 025 V. It is observed that strained-Si

MOSFETs are able to achieve the same current drive

o X 10° as conventional unstrained MOSFETSs, even with a
‘ ' ' ,'(= 0.2 drastic increase in oxide thickness. There is a good

© MEDICI agreement between model and simulation throughout
Model the range of device parameters and bias conditions.
Our model deviates slightly from the simulation results
for Vs very close to Vy, and Vg < Vy, because for
these voltages our approximation for the inversion
charge, N, = (Coi/q) (Vgs-Vu), 1s not valid. However,
as can be seen from the figures, an excellent agreement
eee0® is obtained for gate voltages up to 1.0 V, which is
g expected to be the supply voltage for this technology

0000e008885= : (50 nm gate length). Fig. 5 shows the output
characteristics for 20% Ge fraction in the SiGe
substrate, with a mid-gap metal gate. We can again see

L Lz L2 ol L L that the model values track the simulation data well,
Vds (Volts)

Fig. 4 Output characteristics for x = 0.2 and #,,= 5 nm

-
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thus confirming the validity of the model over different
gate work functions as well.

5. Conclusions

Strain in the Si channel is emerging as a
powerful  technique of increasing MOSFET
performance. In this paper, we have developed a
simple analytical model for the current-voltage
characteristics of strained-Si/SiGe MOSFET. Our
model has been verified for its accuracy using two-
dimensional simulation under different bias conditions
and technology parameters. Our results show that
strain-induced enhancements will persist even for
extremely short channel length devices. Non-
equilibrium high-field effects like velocity overshoot
contribute highly to the increase in current drive of
these nanoscale devices. Improvements in n-
MOSFET performance can be obtained in a wide range
of operating conditions with moderate strain.
Experimental evidence corroborating the same is also
widely reported [7,31].
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