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Abstract,  Cartier mobility in silicon inversion layers is an important paraseter that reflects carrier transport
imechanisms. [t 1s very important 1o accurately model the effective mobility of carriers for the accurate valeulation
of the drain current using device simulation programs. This becames more important in submicron devices using
higher wihsteate doping, thinner gate dielectrics, and much hagher clestric fields. Several models for the cllective
mobility of carriers . as a functien ol the elfedtive transverse electeic ficld in MOS inversion layers have heen
repatted . Extraction from experimental data of paramieters best fitting to an empirical formula has heen used To
lind oul the physically appropriate model for mobility of invesion layer clectrons at room temperatute, we
compare calculated effective mobility versus transverse electric ficld using recently reported cupitical model for
mobility degradation. The drift velocty versus clectric field  characleristics were calvulated. using different
models  for mohility degradation, and compared (v previously reported experimental results. The MOSFET
saturation drain current, which 15 ol st inpurtance  because of jts effect on cireuin speed, was calendnted using
{hese models and compared 1o recent  theoretical and experimental results that take the cffects of mebilsly
degradation, velocity saturation and serics resistance into consideration.

Introduction

Carricr mobility is an umportant parameter that reflects the physical carnicr transport
mechanisms. In MOSFET inversion laycrs (he varriers are confined to a very thin laver
due to the strong pate electric field, and therefore, the low-ficld mobility in the
channe! 1s much smaller than in the bulk. It is very impontant to accuraicly model the
effective mobility of carriers in silicon MOSFET inversion layers Mobility is the
parameder (hat mostly affects the accuracy of the results of the drain current calculation
using two- and three-dimensional simulation programs. The importance of an accurate
inversion layer mobility model becomes morc pronounced in modem submicron devices
using higher substrate doping, thinner gate dielectrics, and much higher electric ficlds,
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and it particular as scaling down of MOSFET devices continues further and further.

A “universal” inversion layer mobility model should accommodate a wide range of
process paramelers, such as substrate doping, oxide thickness, as well as of the
externally applied voltage. The accuracy of the mobility model enables the accurate
prediction of the drain current and cstimation of the device performance

Several models for the effeclive mobility of carricrs in inversion layers, as a
[unction of the effective wransverse clectric ficld in MOS inversion layers liave been
reported. Efforts 10 obtain an accurate MOSFET inverston layer mobility model have
started since the early field-effect transistor was developed  (Mansour of af |1, 2].
Ezawa [3], and Nakamura [4]). The interest in obtaining an accurate model for the
inversion layer mobility has recently increased because of its utmost imponance in
device analysis and desipn.  Extraction of the best fitting parameters from experimental
data has usvally been the approach used, as well as using empirical formulac

The transverse clectric field dependence of the MOSFET channel mobslity under
streng inversion is usually modeled by a universal 2 E. ) model, where the effective

clectric field, Eqy is usually defined as the inversion | Q,, and the bulk . O, . charges
per uml ared; Eoqp =(MQ,, +Qu)/ &,,where £, is the diclectric permiltivity
of siticon. and 7 is between 0 and [, Sabins and Clentens [5] . whuch is actually cqual to
the average electric field experienced by carricrs in the inversion layer . Ko [6]. The
abiliy to medel the inversion laver mobility as a function of a single varable, Eaisa
unique feature of room lcmperature operation , Gildenblat  and Huang [7]. Inthe
general case | is a complicated function of QQ, and Q, .

Ia this paper a detailed investigation of the dillerent mversion layer mohbility
models for clectrons in silicon at room temperature is carried out in order 1o find out the
stinplest, most suitable. physically appropriate, and most accurate model to be nsed, An
evaluation of the cffective mobility of electrons comparing the various models is
performed. The impact of the various mobility modcls on the drift velocily of ¢lectrons
and on the calculated saturation drain current for a submicran MOSFET is studied,

Mobility Models for Inversion Layer Electrons
The effective mobility of clectrons in silicon inversion layers is calculated using
Mathiessen’s rule. summing the effects of the three main scaltering mechanisms:
Coulomb ionized impurity scattering, lattice phonon scattering. and surface roughness

scaticring, as follows:

I/w =1/ e + L/ o + 17 W4,
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Several models for the effective mobility of clectrons in silicon inversion laycrs, as
a function of the effective transverse clectric lield at room temperature have been
reported, A widely used expression for the effective electron mobility duc 1o carner
heating is, Mansour ¢f a/. [1,2] and Selberherr [8]:
o
fear =t 111+ (B /B) 1

Where E.., is a critical transverse electric feld, Fe, = 6.98 x 10°. (T(K) /300y * viem.
o - 111 (TEW300)° %, for silicon.

In Huang and Arora [9] the clfective inversion layer electron mobility at room
temperature was modeled by

Ha = HolTltaBg™ i bEg +c(1+Q /Qu)® ],
where the  1/3 power dependence models the acoustic phonon scattering and the 2
power dcpendence is for surface roughuess scattering. , where po o, b and ¢ are fitling

paraineiers

In Yuc et al. [10] the effective inversion layer clectron mobility at room
lemperature is modeled by fitting to experimental data

Har = 1481/ 14 00738 Eq"™ +2.63% 10" Ey” |

Chen et al. [11] modeled the measured elfective inversion layer clectron mobilily
at room temperature by an cmptrical model

Hea — 530 /[ 1+ (10°Tg/09) ¥

In Gildenblat and Huang |7] the elfective inversion layer electron mobility at
room temperature is modeled by Mathicssen rule:

1/ = 1/ e + 1/ U + 1/ 1y, where
1/ e o1+ Q /00, 1/ Py =¥ Eg71 9

and
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1 ipe = B EBw™ . where o, B .v, 5 , and Q, are fitling
parameicrs.

Near room tcmperaturc the mobility reduces to ;
hp o= 1/ fpEg) + 1/ po(Eed

Lombardi ef al.  [12] modeled the effective inversion layer electron mobility at
room (cmperature by a semi-empirical Mathiessen’s rule:
]"'I'L = 1"‘“& ! l’fu'ph ! ”J-l«r B
wiicre.

W (T) = pt 4 Ao

u. = Mo +
1+ Ny RN AL

ey = [B(T/ L + C(V/ED) L (UT), pe(Bed - &F7

where P (T = P (TR0 o B, v.8 . A B, C .Cope. and o
arc fitting parameiers, and N, is the dopant concentration in the substrate. and ' is
the absolute lemperature,

In Shin et ol [13] the effective inversion laver eclectron mobility at room
temperature is modeled by Mathiessen's rule:

L/ip = 1/p + 1/ wa + 1/ ., where
0.0388 T,E' + L73 x 10"Eyy"

padBe) =[50 T2 ( Yyt
32x%107pTH

where
p=009T, 7+ 433 105N/ ZY" T, N, T,=17300.

N - @eg/q){Eg+ E. Ny =2 10"em™ | Eqis the transverse
electric field at the inversion layer edge ,
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por(Ee) = 6 x 10' Eq™? 7, = average inversion layer width.
L1x 10" 1!} 1
MeEm) = .
Y ||||2 Na
In{1+y uu:) - —
I+ v P
where Y = [ 2% 107/ (N/Z)] LTS

Yamaguchi [14] modeled (he elfective inversion layer clectron mobility at rootn

temperature for use in SPICE circuit sitnulation by :

per = pol 1+ (NLZANYS NP,

where W, § and N, arc fiting parameters, determined experimentally.

In  Yeric ¢t al. [15] the effective inversion laver clectron mobilily at room

lemperature is modeled by

e = Me/[11VALg" 1 BE«®| .

where po. A and B are fitting parameters.

Lee [16] modcicd the cifcctive inversion layer electron mobility  at room

temperiture b}' ;

Har = Mo/[11VAEasf.

where poand A are {fitting paraingiers.

In Liang et a/. [17]  the elfeclive inversion layer electron mobility at room

temperature is modeled by a simple empirical model:

. . L
Per = Mo/ |1+ {(Eq/E, ) .

where py ., o .and Eg, are fitting parameters.
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Attempts were made 1o corrclate cmpirical model parameters to physical models,
Reichert er al. [18], Yamanaka eral [19), Gamiz ef al. [20], and Jungenman et al.
[21]. Reichert et o/ [18] showed (hat the 2-power factor in the mobility model was
dependent not oniy on surface roughness scattering, but also on phonon scattering,
Yamanaka et al.  [19] showed that the inversion kayer mobility of electrons duc to
surface roughness is independent of gate oxide thickncss.

In order to compare the different inversion layer electrons mobitity modcls we will
lake the recent empirical nniversal model of Chen et af. [11] as a reference. Room
lemperature operation (T=300°K) , and an acceptor concentration of 3 x 10'% cm™ in
the substrate was assmned. Figures (1) and (2) show a comparison of the calculated
clectron mobility atl room temperature for inversion layer electrons, using the mobility
modcls discussed above | as a function of the effective transverse clectric field. In both
figures Chen eral [11] was luken as a reference. In Fig. 1, only the models of Yue ef
al. 101 and Yamaguchi |14] arc in close agreement to the reference model of Chen
et al. [11], above B> 5 x 10° Viem. while in Fig. 2 only the modcl of Liang er al.
[17] 1s in close agreement to that of Chen etal [11], above E.p > 7 x 10° Vi,

800 ey ey \ T 0 : R e

. Liang otal, 1B$B

Mability, cm2 7V sec

. H . : H ; i et | o
(v} 0.2 04 0.6 08 1 12 14 1.6 18 2x10
Effective electric field, Viem

Fig. 1. Calculated effective inversion layer mobility for clectrons in silicon using different
maodels.
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Fig. 2. Cabculated clfcctive inversion laver mobility for electrony in silicon using different mohilny
models.
Drift Velocity of Electrons

The drift velocity of electrons saturates at higher electric ficlds. A commonly uscd
capirical model for the drift velocity vs. electric ficld characteristics is the picce-wise
mode]l Takeuchi etal [22]

Al ueﬂ'E / ( 1+(E/Ecrll)) a E(‘Ecm
Vd = Vit . E>E.. .
where Eqy = 2 v/ Her.

In Yamaguchi |14} the model was :
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Vo= Weg (Na, Een) E( f(Ny, B, Ei),

where E, is the tangenual electric ficld, and
TNWEgE={1H W or (Na o) B (Hor (Nay E) Efv +G Y

{(Uer(Na , Bed B /v, ¥ )

112

where G, v. ,and v, arc fitting parameters,

P R R TR )

Gidenb]at .3 Huang 198

Drift Velocity , om ! sec
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10°

Eleciric fisid, V / cm

Fig. 3. Calculated drift velucity for electrons versus electric field,

The cmpirical model of  Sodini er g/, [23] shows a better fit to experimental
results -

Vo= WerE 7 (1+(E/E )",

where Ee =2 v/ W We uscd this model to caloufate the drifl velocity dependence
on clectric field, using the various above-mentioned models for the effective mobtlity.
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Figure 2 shows the calculated vy vs E characteristics, as well as the picce-wise model
of Takeuchi er al  ]22] and the experimental results of Cooper et ol [24], for
comparison. It is noticed from the figure that only the velocity model of Huang ef o/,
[¥] 1s very close to the reference model of Chen efal. [11].

MOSFET Saturation Drain Current

The MOSFET saturuiion drain correnl is the most important of the device
parameters because of its cffect on circuit speed.  The model that has been used o
model  the effect of device fabricalion parameters and bias conditions on the drain
saluration current 1§ ;

1
]d.\m: ﬂ Ee“(wcff/Leff)(a‘uxTux )(sz‘vl)

where T, is the oxide thickness under the gate, Loy and W are the channel length
and widih, respectively. This model not suitable for loday’s submicron devices, since i
doesn’t (ake into consideration such cticcts as mobilily degradation due to the
transverse clectric field under the pate, velocily saturation, shori-channel cffect. and the
source and drain series resistance of LDD structures. which have to be considered
When the cffects of mobility degradation, velocity saluration, and serics resistance are
considered , the new model Chenefwf |11] for the saturation drain current. Ty,
becomes ¢

lV' ' Z(Vgﬁ = Vt ) R‘: W Vi Cnx] = "‘ “/11 b (vu! = Vr ) Ecﬂ' Le" W Vit C\-.\R.«
Thr - —— e - - Tl T e e

2R+ Wy, C. R

where the saturation velocity of clectrons, vy, -~ B x 10° corfs, and  the electric ficld
corresponding 1o velocity saturation is Eq, = 2 v/ Woer, Con 15 the oxade capacitance.
and R, 15the senes resistance of the device. We calculated the saturation drain current
for an LDD MOSFET . Chenetal [11], using the abovc cquation. We used
R, = 380, V,=0.836 V. For the effective mobility of electrons in the inversion Taver,
Mo . we used the various mobilimodels discussed earlier.  Figure 4 shows the
saturation drain current calcutated using the different mobikity models. comparcd to the
measured values of Chen et al. [11] . Tris ¢clear from the figure that the saturation drain
current using the effective mobility models of Yue ef al. [10] and Shin e7 ol {131 are
the closest to that of Chen er af |11}, followed by the models using the cHective
mobility models of Lombardi e/ 2/ [12], and Gildenblat and Huang [7). and that the
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best fit for all models is for larper valuesof Lg; L.g = 0.65 pm. The deviation for
smaller values of L.q is possibly duc to the increased contribution of quantum effects,

105, . . e
: X )-Experimentéz: Chen, et al’, 1996

10

Gildenblat & Huang, 1989

Yue, et al., 1993

mA

ldsat |

Lombardi, et al., 1988

; L ; N
6'8.4 05 0.6 0.7 0.8 09 1

Leff '. Hm

Fig. 4. Saturation drain current for LD MOSEFET. Compatison of different models with experimental
results.

Conclusion

A detailed investigation of the different inversion layer mobility degradation
models for electrons in silicon at room temperature is carried ont in order lo find out
the simplest, most suable, physically apprepriate, and most accurate model 10 be used
in CAD device simulation programs. An evaluation of the effective mobility of electrons
comparing the various models is performed. The impact of the various mobility modcls
on the drift velocity of electrons and on the calculated saturation drain current for a
submicron MOSFET is studied. The effective mobility dependence on transversc
clectric field, electron drift velocity dependence on tangential electric Geld, and



Mobility Degradation Models. ... 81

MOSFET saturation drain current for s submicron device are studied for the different
mobility modcls, and comparcd to recently reported models and experimental resnlts,
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