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Abstract—In this paper, an analytical threshold voltage model
is developed for short-channel Strained-Si (s-Si) on Silicon-
Germanium-on-insulator (SGOI) MOSFET including the
effects of interface charges. The two-dimensional Poisson’s
equation is solved in the undamaged and damaged strained-Si
and relaxed Si; ,Ge, regions to find out the surface potential
minimum for calculating the threshold voltage. The results
obtained from the developed model have been compared with
the numerical simulation results obtained using ATLAS™
from Silvaco. The extent of influence of hot carriers induced
effects in terms of interface charges and damaged s-Si/front
gate oxide interface on threshold voltage roll-off and drain
induced barrier lowering (DIBL) have been studied.
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I. INTRODUCTION

The use of strained silicon channel has become an
unavoidable feature for sub 100nm regime CMOS
technology, to maintain the expected performance
improvements through scaling [1]. Among various proposed
strained channel MOS structures, strained-Si on silicon-
germanium-on-insulator (SGOI) MOSFET has received
considerable attention because of providing more flexibility
to control the strain in channel [2]. At such nanometer scaled
devices, hot-carrier induced interface charges grievously
affect the device performance, [3]. Besides this, downscaling
of device also makes the short-channel effects (SCEs) severe
[4]. It has been reported that the performance of the
nanometer strained-Si devices is significantly dependent on
the interface state charges near the Si/SiO, interface [5].
Thus, it becomes obligatory to investigate the depth up to
which the interface charges can affect the short-channel
device performance. A number of researchers have reported
the study including interface charges for strained-Si SOI
MOSFETs [3, 6]. Recently, a threshold voltage model is
presented for strained-Si on SGOI MOSFETs [7]; however
the effects of localized charges on short-channel effects are
not investigated.

In this paper, a threshold voltage model is presented for
strained-Si on SGOI MOSFETs including the effects of
interface charges. Effects of the interface charges on the
drain induced barrier lowering (DIBL) and threshold voltage
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roll-off are discussed. A uniform distribution of localized
charges has been taken into consideration. In Section II, the
device structure is briefed in terms of various device
parameters. Section III deals with the modeling approach
carried out while deriving the surface potential and threshold
voltage of the device. All the theoretical results have been
compared with the 2D simulation results, obtained by
ATLAS™ 2D device simulator [8], and discussed in Section
IV. The paper has been concluded in Section V.

II. DEVICE STRUCTURE

Fig. 1 shows the schematic cross sectional view of the
strained-Si on SGOI MOSFET structure with induced
localized charges. A layer of Si is grown pseudomorphically
on the relaxed Sij;Ge, layer, where x is the Ge mole
fraction, which causes the strain in the Si layer due to lattice
mismatching with Si;_,Ge,.
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Figure 1. Cross sectional view of Strained-Si on SGOI MOSFET

L; and L, are damaged and undamaged region lengths,

respectively, along the channel connected in a non-
overlapping way. The interface charge density in the

damaged oxide region is assumed to be N,ecm? . The
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symbols rg; , 4, 1, and ;g represent the thicknesses of

the strained-Si, front gate oxide, buried oxide and Si;,Ge,
layers, respectively.

III. MODELING APPROACH

Fig. 2 displays the change in silicon energy band
structure because of strain in the silicon channel. The device
simulator model library of ATLAS™, thus, has been
modified according to the effects of strain on Si band
structure [9].

Increasing x

Increasing x
Figure 2. Effect of strain on band structure of Silicon

A.  Surface Potential Formulation

First, To find out the potential distribution (¢(x, y)) in
the channel region, the 2D Poisson’s equations has been
solved in all the four regions of strained-Si and relaxed Si;.
«Gex layers as shown in Fig. 1. The equations are

2 2
2°¢, j(x.y) 0%°¢ ;(x.y)
TR (1)
ox dy €5i, SiGe
For Si, (Ge, layer, y -coordinate should be considered

asy’ . Subscripts denote the channel region as i stands for 1
and 2 whereas j stands for 3 and 4; N, is the body doping

gN 4

concentration; ¢ is the electronic charge; &5; and Eg;g, are
the permittivity of strained-Si film and relaxed Si, Ge,. The

potential distributions in all the four regions are
approximated by parabolic approximation [10] as
2
91(x, 9) = 94 () + Gy (x)y + Cip (x) y (2)
7. ’ 72
9;(x,y) =P () + Cjp(x)y + Cjr(x)y (3)

Here, the coefficients Ci( j)1,2(3,4) are the functions of x
only; ¢; is the surface potential at SiO,/s-Si interface for
both damaged and undamaged regions, ¢,; is potential along

buried-SiO,/Si; sGe, interface for both damaged and
undamaged regions. The continuity of potential and electric
field across the interface of undamaged and damaged regions
are [6]:

¢ (L1 ’0) =9, (L1 ’0) “)

|:a¢1 (x,y):| =|:a¢2 (x, )’):| (5)
ox . ox L
x=L x=Ly
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Electric flux at SiO,/s-Si interface should be continuous in
the undamaged and damaged regions [7]:

[Mgﬂ ey -V, o

Yo ly=o Esi Iy

{amy)} _ep 00V, 9
ay y=0 gSi tf ()

where, £ is the permittivity of the SiO,, ¢ 7 is the thickness

of front gate oxide; vy, =V, ~ Vi ;) With Vg, as the gate

to source voltage, (VFB, ¥ )Y_ s is the front channel flat-band
voltage of strained-Si film
ng = Vgs _(VFB,f)S,Sl- +qNI/Cf .

Electric flux at Si;_,Ge,/buried oxide interface is continuous,
we may write [7];

P&wq _

and

Epox ¢b3 (x ) — Vs,ub

G (10)
ay ESiGe Thox
{3(94(% Y)} _ Epox Pa0) Vi (11
ay, y':() €SiGe Thox
where Vv/uh =Voup = (P — cI)SiGe) > Vap being the

substrate voltage and 7, _1is the buried oxide thickness;

P, 18 the work-function of relaxed Si,(Ge, layer; @, 1is
the work-function of the silicon substrate under buried oxide.

The potential and electric field at the Si/Si;_,Ge, interface
should be continuous as [6];

& (x.15:)= 03 (x. 1556, ) (12)
[EIC A L CE)
ay Y=ig; Esi ay, ¥ =56,
& (x.15;) =y (x.5i6.) (14)
0 . EgiGe | 0 0y
{ ¢za(x Y)} __ ;G { ¢4a(x/)’)} 15)
Y Y=t Si Y Y =t siGe

The potentials at the source and drain end can be given by

[71;
4,(0.0)=V,,; ;_s;

(16)
33(0.0)=Vp; sice 17)
3 (L.0)=Vy; i + Vi (18)
34(L.0)=Vy; siGe + Vs (19)
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where, Vj; s_g; is the built-in voltage for strained-Si and

Vii.siGe 1s the built-in voltage for Si;..Gey; Vds is drain-to-

source voltage.

With the help of the boundary conditions described by
(5)-(19), the final expression of surface potential can be
written as [10];

By = Ay exp(Ax) + By expl(-Ax) - oy

02 = Ay explAx—Ly))+ By expl- Alx— 1)) - o,
where,
Vi s—s: — 01 Nexp(AL) 1)~ (0, — & 1 — cosh(AL, ) - V.4,

2sinh(AL)
Ay = Vpis-si + 01~ By
Ay = Ajexp(ALy)+ (0, - 0y)/2
B, = Byexp(-AL) + (65, —0)/2

A, 0y and 0, are the constants obtained from the boundary

(20)
21

BIZ

conditions mentioned above.
The position (-xl(z)’mjn) of the minimum surface potential

for both negative and positive interface charges under the
undamaged and damaged regions respectively can be

determined by solving 0512)] =0 [6] and hence be

i .,
given as;
X min =In(By/A;)/22 and
Xymin =L +1n(B, /Ay )/22

By substituting the values of the minima position into (20)
and (21), the minimum surface potentials can be expressed

Psi,min =2+4/A1B; — 0 (22)
P52 min =24/ A2 B, cosh (AL;)- oy (23)

B. Threshold Voltage Formulation

The Because of the coexistence of the damaged and the
undamaged regions in our device structure, the minimum
surface potential of device is determined by the magnitude
and polarity of the charge present in the damaged region.
Thus, depending on the polarity of interface charges,
threshold voltage, say V., , for positive (negative) type of

interface charges can be found as follows as [7]:
: =20, . +AD,_¢. =
¢s1(2),mm‘ Vs 40 F.Si i =Pry

where, @ is the difference between the Fermi potential

24

and the intrinsic Fermi level in the bulk region, A®_g; is

the change in the work-function of silicon due to strain, P,

is the value of surface potential at which the volumetric
inversion electron charge density in the strained-Si device is
the same as that in the unstrained-Si at threshold, i.e., equal
to the body doping.
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Solving (24), we obtain the final expression of threshold

voltages as
2
M) + M) — 4P 1)

2p

Vine (=) = 25)

where,
p = N2[p(cosh(AL) ~ 1) — sinh (AL )
7 = Np(@,, + M, )sinh(AL) - R, (exp(AL)~1)— 5, (1 - exp(4L))]
&=RS, —(®y+M,) sinh*(AL)

Ry = (Vbi,x—Si + M J1 - exp(= AL))+ V4, + (0, — 0y )1 — cosh (AL, ))

81 =V y—si + M Nexp(= AL) = 1)= V4, = (05 - 6, )(1 - cosh (AL, ))
CooVous 5 (2Csige + Csi\Vim, 1 )S, P anvi/cy))
& (Ci+Csigelsi CsilCsi + Csige)isi

¢4 (2Cg6, +Cy)

" CsiCsi + Cuige i
uy = WNa, CooVew C;(2Csie +Csi Wi, f )s_ si
&5 (Csi+Csige s Csi(Csi + Csige M5
_9Na | Chox(Csige +2C,—siVeup + Cr (VFB»f )s—Si
&siGe  Csige(Csi+ CsigeXsige  (Csi+ Csige Mice
s = N4, Choe (Csige +2C5i Vi, N Cilves s )S,Si +{any/cr))
€siGe  Csice(Csi + Csice MSice (Csi + Cige 3ige
vy = Cox .
(Csige + Csiisice
o= Pl —u3) — o (uy —uy)
a0 = Bif,
e N 2(®,, + M )sinh 2(AL) — R, (exp(ALy) - exp(—/iLl))}
-5, (exp( ALy) —exp(—ALy, ))

£y =RySy—(®, +M,)? sinh 2 (AL)
Ry = |:(Vbi,xSi +M, Xexp( ALy) —exp(—AL, )) +Vps exp( ELI)}
+ (0, — 01)(exp( ALy) — cosh(ALy) exp(—AL, ))
s - {(Vbl-,s_ g + M, Nexp(ALy ) — exp(—ALy)) — Vs exp(—ALy )}
— (0, — oy)(exp(=ALy) — cosh(ALy ) exp(AL, )

Cf :g—f, CSi :i, CSiGe = €SiGe and Cb()x Zgbi frOIlt
Iy Isi ISiGe Tpox

gate oxide, strained-Si, relaxed Si;,Ge, layer and buried

oxide capacitances respectively and M, M; and N are

constants. It may be pointed out that the threshold voltage of

strained-Si SGOI MOSFETs significantly depends on the

polarity of the interface charge density.

are
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IV. RESULTS AND DISCUSSION

This section contains the comparison between the
analytical results obtained from our proposed model with the
numerical simulation data extracted from simulating the
device structure under consideration with a commercially
available 2D device simulator ATLAS™ [8]. The threshold
voltage is extracted from the ATLAS simulation by
maximum transconductance method. Fig. 3 shows the
variation of threshold voltage roll-off with positive and
negative interface charge densities for different damaged
region length, L,. It is found that threshold voltage roll-off
increases for both positive and negative interface charge
densities but rate of increment is higher for negative charge
density. However, the nature of variation is different in both
of the cases. In the case of positive interface charge density,
there is an increase in threshold voltage roll-off with L,
whereas for negative interface charges, roll-off decreases
with L, Fig. 4 discusses the impact of drain voltage on
device characteristics in terms of drain induced barrier
lowering (DIBL) variation with respect to interface charge
density. It can be observed that that DIBL increases very
sharply with increasing negative interface charge density but
very slightly decreases with positive interface charge density.
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Figure 3. Threshold voltage roll-off versus interface charge density of
strained-Si on SGOI MOSFET for different damaged length
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Figure 4. DIBL versus interface charge density of strained-Si on SGOI
MOSEET for different damaged length with V ;. = 0.1V and 1V

DIBL is large for smaller damaged length for negative
interface charge density. Finally, Fig. 5 compositely
illustrates the effect of damaged region length on threshold
voltage roll-off and DIBL for different Ge mole fraction (x).
It is observed that larger x, which also corresponds to the
higher strain in the channel region, suppresses the threshold
voltage roll-off and drain induced barrier lowering
effectively. However, with respect to the length of damaged
region, the trend of variation becomes reverse i.e., the
threshold voltage roll-off decreases whereas DLBL increases
with the increases in L,
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Figure 5. DIBL and Threshold Voltage Roll-off versus damaged region
length of strained-Si on SGOI MOSFET for different Ge mole fraction (x) in
SiGe layer on a fixed positive interface charge density
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V. CONCLUSION

An analytical threshold voltage model is derived
including the effect both positive and negative interface
charges. It is observed that the negative interface charge
density has more severe effect than the positive interface
charge density on the DIBL and threshold voltage roll-off of
the strained-Si on SGOI MOSFETs. However, it is found
that strain in the silicon channel suppresses short-channel
effects. The proposed model results are in good agreement
with the numerical simulation results.
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