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Effect of Gate-Field Dependent Mobility
Degradation on Distortion Analysis in MOSFET’s

Ronald van Langeveldestudent Member, IEEEand Frangis M. Klaassen

Abstract—Compact MOSFET models in contemporary circuit by implementing a more correct description of these phenom-
simulators fail to accurately describe distortion effects. In the ena in existing MOSFET models.
ohmic region of the MOSFET, this failure is mainly due to This paper concentrates on the effect of gate-field depen-

inaccurate modeling of the gate-field dependent mobility degra- e o e
dation effect. In this paper a new model for mobility degradation dent mobility degradation in MOSFET’s, in other words the

is introduced which gives a major improvement in distortion dependence of the carrier mobility in the inversion layer
analysis in the linear region for both n-type and p-type MOS on the transverse (gate) field. As MOS transistors biased in

transistors. Incorporating a gate voltage dependent series resis- the weak or moderate-inversion region exhibit an exponential

tance, thls_model even gives good results for very short channel dependence on gate and drain voltage, these regions are not

length devices. . . . 2 .
very suitable for low-distortion applications. Therefore this
paper will focus on the strong-inversion region.

I. INTRODUCTION

N recent years, with the rise of Mixed Analog-Digital Il. THEORY OF MOBILITY DEGRADATION

circuit design, the use of MOS transistors has not only beenThe inversion layer mobility in Si MOSFET's is a very
restricted to digital circuit design, but it has been extenddghportant physical quantity as a parameter to describe the drain
to analog circuit design as well. The latter calls for moreurrent, and has therefore been subject to extensive research. It
accurate compact MOSFET models which, apart from awvas found that the inversion layer mobility follows a universal
accurate description of current-voltage characteristics, alsarve independent of the substrate bias, the substrate impurity
give a good description of transconductangg (= -22 concentration or the gate oxide thickness when plotted as a

= OVes
and conductancg, (= o~

o) as a function of the terminal function of the effective normal electric fielll g, defined by
DS

voltages. Nowadays, compact MOS models suitable for analsg—{8]

circuit design, such as the UCB BSIM3v3 and the Philips (Quep + 7Qiny)

MOS9 model, have become available, nevertheless all models Eet = T (1)
fail to predict distortion effects satisfactorily. ’

In MOS-circuits, due to the nonlinearity of MOS devices, #here Que, and Qi,, are the depletion and inversion layer
purely sinusoidal input signal results in an output signal that§§arges per unit surface area, respectively. In most papers for
not purely sinusoidal but has higher-order harmonics [1]; s@8 inversion layer on a (1 0 0) surfaegis taken to be 1/2 for
Fig. 1. These higher-order harmonics are mainly induced Bjectrons and 1/3 for holes. Generally, howevgs dependent
the higher-order derivatives of the current-voltage characterf? device process technology (e.g., doping profile, threshold
tics of the MOS transistor. For low-distortion applications th¥oltage implant) [3], temperature [5], and surface orientation
magnitude of the higher-order harmonics has to be minimizdé]:
using balanced circuit configurations even-order harmonics ardn most state-of-the-art MOSFET models a semi-empirical
canceled out [2] and in this case the third-order harmorfiermulation is used to describe the dependence of surface
becomes the most influential one. For distortion applicatiofobility on effective normal field, based on classical surface
the compact MOS model should therefore at least give 8iffuse scattering
accurate description off(ffg 5355133 and 535553 This is not P @
the case in contemporary MOS models [1]. 14 0E.4

This failure amongst others can be ascribed to the Inav(\:/ﬁeree is an empirical parameter. With the scaling down of

curaF(_a, nonphyspal modeling of physical phgnomena SUCh.I\ﬁ%S transistors toward the requisite submicron dimensions,
mobility degradation, channel length modulation and veIom%hiCh involves the use of thinner aate oxide and hiaher
Y g g

saturation. An improved circuit-level model can be ach|eveSubstrate doping, the above formulation of channel mobility

. . , . _becomes more and more inaccurate. A more physical formu-
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subbands at intermediate values of effective field [6]. The
N MOS OUT assumption of single subband occupation in this case does
Circuit not hold. The lowest hole subband compared to the lowest

electron subband quickly reaches a high occupancy at lower

Smi Sour field strength.
JJ_‘_ C. Surface Roughness Scattering,§

o fo  2f, 3f, . .
" £ (tz) f (z) The interface between the crystal silicon and the gate

Fig. 1. Non-linearity of a MOS-circuit induces higher-order harmonics itQXIde IS not atomlically smooth. The abo‘,’e interface rothnes.S
the output signalSour when a purely sinusoidal signdiy is applied to  Scatters the mobile charge carriers. This type of scattering is
the input, this is called Harmonic Distortion. especially important under strong inversion conditions because

the strength of the interaction is governed by the distance

self-consistent calculations show that energy subbands of elgE-the carriers from the surface; the closer the carriers are
trons and holes are formed in the different energy valleys. TH the surface, the stronger the scattering due to surface
spacing of these subbands increases with increasing norfifijghness will be. Under the assumption of single subband
electric field. In other words in the weak inversion regiofccupation and a Gaussian type autocorrelation function of
where many electric subbands are occupied, quantum effdB{grface roughnessi,, can be described by [8]
get washed out, on the other hand in the strong inversion regiof w 1
where very few electric subbands are occupied, quantur- O<Eav2-/0 df(1 — cos 0) exp <_§k2Lc2(1 — cos 9)2

5)

effects become important.

Actual modeling of scattering processes in the inversiqghereL, is the correlation length of interface roughnefsss
layer is very complex due to the quantum-mechanical natug carrier wavelength, an#,, is the normal field averaged
of these processes and the fact that in most cases more thgér the inversion layer. If we considéL, as E.g, the value
one subband is filled. Therefore for mObIllty, aSImpIIfled Sembf 7 is to be 1/2 for a uniform dop|ng prof"e_ Non-uniform
empirical approach was adopted. As has been done elsewhggfing profiles will lead to different values ef [3].

[3], [12]-[16], mobility can be described by considering three | the limit that the correlation length is much smaller than
mechanisms which dominate the scattering of charge carrighig carrier wavelength{, < k), the mobility limited by
in the inversion layer at the Si-Si@nterface. surface roughness scatteripg. reduces to

A. Coulomb Scatteringu) fise o< Eeg ™7 (6)

Charged centers near the Si-Siiterface can be of the the apove dependence of surface roughness scattering cor-

same charge type as the mobile inversion charge leadipgnonds to the experimentally found dependence of electron
to Coulomb repulsion. This results in scattering, which ISobility on effective field.

important for lightly inverted surfaces, high surface-charge g, larger values of correlation length,, s, deviates
densities or substrate doping concentrations, and less imporiggt, he dependence a.;~2 owing to the fact that the
€

for heavily inverted surfaces because of carrier screeniqgtegra| term in (5) depends aBi.y. For holes, it was found
Coulomb scattering is not governed by a universal relation ®perimentally '

E.g, therefore at low);,,,-values the universality law doesn’t

hold. This type of scattering is only of influence in the weak- frer X Eog ™t @)

inversion and moderate-inversion region and can therefore be

neglected for the purpose of this work. The difference between (6) and (7) for electrons and holes
is often ascribed to the fact that at high transverse fields

B. Phonon Scattering,;,) holes tend to congregate further away from the interface than

e%ectrons do. The larger average distance leads to a reduced

Surface phqnons (surfons) from the q“a”t“”.‘ vibrations Nfluence of the interface roughness and thus to less surface
the crystal lattice scatter the mobile charge carriers. Under 3 .
assumption that carriers in the inversion layer only occupy the ghness scattering for holes.
P Y y PY €rhe above-described mechanisms can be incorporated into

lowest subband, the mobility determined by acoustic phon o - ; ;
scattering is described by [6], [8] e channel mobility /), using Matthiessen’s rule

11 1 1
==+ =+ 8

1
11 w3
Hph X <§ *Qinv + Qde})) . (3) w KB sz Fph

. . where g is the carrier mobility limited by ionized impurity
Experimentally, it was found for both holes and electrons th?&attering and accoustic phonon scattering in the bulk material.
(4) Equation (8) leads to

Wi

Hph X Eeg™ 5.

For electrons wherey = 1/2, (4) deviates slightly from (3), W= a f — 9
which is ascribed to the fact that electrons occupy several L+ 0pnBen® + O Een
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Fig. 2 Measurement setup for distortion behavior of single MOS transistor.

where d,, and 6, are empirical parameters, amd= 2 for for long-channel transistors. However with decreasing channel

electrons anch = 1 for holes. length, series resistance effects become important and these
Strictly speaking Matthiessen’s rule is not valid because éffects have to be incorporated. Series resistance can be

tacitly assumes that the momentum relaxation times due to thglemented in the drain current equation as follows (see

different scattering mechanisms have the same energy dep&ppendix I):

dence. In order to correctly account for the various scattering W 1

sources, a weighted statistical averaging of the relaxation times/, ~ HoCox - 7 "gYGS ~ V-3 VDS) 'IVDS

should be performed. Nevertheless Matthiessen’s rule should 1+2-p-Cox-T - Rs- (VGS —Vin—3 'VDS)

give a good first-order approximation, especially when vall (13)

repopulation is taken into account [6].

e\Mhere Rs is the series resistance.
The series resistance in the drain/source region of a MOS
transistor consists of four components: 1) a contact resistance,
2) a sheet resistance, 3) a spreading resistance due to current
As we are interested in the effect of mobility degradatiogrowding in the vicinity of the channel end, and 4) an
on the distortion behavior of MOSFET's, the mobility modehccumulation layer resistance. The latter is due to overlap
(9) has to be implemented in the drain current equation. Fef the gate polysilicon on the drain/source region, and is
this purpose we only concentrate on the ohmic region géte voltage dependent. For correct modeling the gate voltage

low drain-source voltages, so that the effect of longitudin@lependency of the series resistance has to be implemented [18]
electric field can be neglected. For sufficiently smalk, the

I1l. | MPLEMENTATION IN A CIRCUIT-LEVEL MODEL

a1

carrier mobility is assumed to be constant along the channel. Rs = a0+ a5 T (Vas = V) (14)
Now in strong-inversion, the drain currefip, in zero-order o '
approximation can be expressed as [17] whereag, a1, andao are empirical parameters.

Ip = NCOX% <VGS — Vi — %%s) Vbs (10) IV. MEASUREMENT RESULTS AND DISCUSSION

) ) ) _ The distortion behavior of a single transistor is determined
where Cox is the oxide capacitance per unit aréd,and Ly the higher-order derivatives of the drain currdpt with

are the effective channel width and length, respectively, apgkpect to any terminal voltage [1]. As the mobility degradation
Viy is the threshold voltage dependent on bulk Bigs. For s gependent on the normal electric field, we are particularly
the mobility 2 (9) has to be used with =2 orn = 1linthe jterested indle, 2o and 2o, at low Vi where the

. . vV nﬂv avr ,‘:2 a‘f o«
case of n-type or p-type MOS transistors, respectively.  jnfiuence of longitudinal electric field can be neglected. These
The effective normal fieldE,

i IS expressed in t€rms of higherorder derivatives can be determined by applying a

Qinv aNd Quep [3] purely sinusoidal signal to the gate terminal and by measuring

Qinv = Cox(Vas — Vin) (11) the h:gher-lorder harmonics inhth? drain curr?@thusing a ol

o signal analyzer, see Fig. 2. The frequency of the sinusoida

Qaep = Cox(Vin = Vis = &) (12) signal is 1 kHz, so that the influence of capacitances can

where Vrp is the flat-band voltage ang, is the surface be neglected. If the amplitude of the sinusoidal signal is not

potential which may be approximated by twice the Fernwhosen too large, the amplitude of the higher-order harmonics

potential ¢ . corresponds to the higher-order derivatives (see Appendix II).

The drain current equation (10) should give a good d&his procedure can be repeated for different bias conditions
scription of the actual current and its higher-order derivativé®;, and Vg).
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Fig. 3 Measured electron mobility as a function of effective field.¢ (7 = 0.68) for an n-type MOS transistor withl” = 20 ym andL = 20 ym for
different bulk voltages/gps. Results of mobility model (9) witle = 2 (solid line) and (15) (dotted line) are also shown.

-100

-110

-120

-130

dB

ouuu
=)

PN

Y IO

=)

bl

=]

S

h

A S
S

=)

=~

=]

2.00 2.‘50 3.00 3.50 4.
Vos (V)

Fig. 4. Measured (symbols) and modeled (lines) valueg'z\é& (9m), :\2—1132 (9m2), andLj{?3 (9m3) as a function of gate voltageys for an n-type

3 4 Vs
MOS transistor withW’ = 10 gm, L = 10 um at Vs = 0 V, using (2) and (10).

Measurements were performed on both n-type and p-typ&. 3. Universality of: with effective fieldE.g¢ was found for
MOSFET's from a commercial submicron process with @ = 0.68, which differs from the expected value of 0.5. This
channel widthW of 10 um and different values of channelis probably caused by the nonuniform substrate concentration

length L. The minimum channel length is 0,8Bm. The n- due to the threshold voltage implantation [3].
channel MOSFET’s make use of an LDD-structure, and the|n Fig. 4, the measured values g%{pr ,59;192, and 595193
p-channel MOSFET's are of the buried type. The gate oxidg, 5 long-channel n-type MOS tran(éﬁstofb(: 10 um)(’bin
thickness is about 158, and the zero bias threshold voltagene |inear region ¥po = 0.1 V) are given as a function
Vino |st_0.? V and -1.1V for n-type and p-type transistors, Vas. For this case series resistance effects are negligible,
respectively. and thus the derivatives are mainly determined by mobility
_ degradation. The commonly used (2) was optimized using the

A. NMOsS-Devices measurement results, and the modeled results are also shown

Using the split C-V method as described in [19], mobilityn Fig. 4. As can be seen the zero-crossing in the third-order
measurements were performed on n-type MOS transistors, deevative is not predicted by (2). Clearly, the simulations and
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Fig. 6. Same as Fig. 3, using (15) and (10).

measurements do not agree and therefore a better descriptioasn’t give accurate results. Matthiessen’s rule is only valid
of surface mobility has to be used. for energy independent processes. At intermediate values of
Next, (9) withn = 2 was optimized, and the resulting E.g electrons tend to populate different energy subbands in
E.g-curve can be seen in Fig. 3 (solid line). Equation (9) givd®th the longitudinal and the transverse energy valleys, so for
an accurate description of mobiligyfor a large range 0F - this case Matthiessen'’s rule is not really valid. This result was
values. The modeled distortion analysis results are given a0 found in [6] for electrons on a (1 0 0) surface, where the
Fig. 5. Equation (9) results in a substantial improvement wi@ithors suggested that this effect is due to valley repopulation.
regard to (2); it predicts a zero-crossing in the third-orddf other words, the electrons.tenq to populate in the transverse
derivative, nevertheless the third-order derivative is still n@"€rdy valleys as the gate field increases. To account for the
modeled well. nonvalidity of Matthiessen’s rule, a different sharper transition

Closer examination of the distortion measurement resuffg™ Phonon scattering to surface roughness scattering was

shows that phonon scattering dominates at low valudg.gf opted for

and surface roughness scattering dominates at high values of s
Vas, however the incorporation of these scattering mecha- H= > -
nisms into one mobility equation using Matthiessen’s rule 1+ \/ OphEet® + bs: Eest

(15)
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Fig. 8. Measured (symbols) and modeled (lines) values—éil {gm} d\ vz {9mo}, and 3 3 {93} as a function of gate voltag&;s for an

n-type MOS transistor witht’” = 10 gym, L = 5 pm aHSB =0V, usfna (15) and (13)

At low and high values of the effective normal fiellg, 1/1+  bulk voltageVsg. The measurement results and the simulation
reduces to theEeﬂ% and the E.g? dependence in both (9) results of (15) foVsg = 5 V are given in Fig. 7. Once again,
and (15). Equation (15) was optimized, and the resuljing (15) gives good results. Only for small values Wfg, the
E.g-curve can be seen in Fig. 3 (dotted line). As can be seeimulation results for(;r’vf{? deviate from the measurement
(15) gives results as accurate as (9) for the rangg.gfvalues results. This is due to the effect of Coulomb scattering which
under examination. The modeled distortion analysis results fsecomes more important with increasing bulk bigg as can
(15) are given in Fig. 6. As can be seen the sharper transitioe seen in Fig. 3.
from phonon scattering limited mobility to surface roughness The effect of series resistance can be seen in Fig. 8 and 9
scattering limited mobility in (15) leads to a more accurat@here the measurement results and simulation results using
description of the higher-order derivatives. Even the zer{t3), (14), and (15) are given foE = 5 um and 0.8um,
crossing in the third-order derivative is predicted accuratelyrespectively. The distortion behavior changes drastically with
The measurements have been repeated for different valued@éreasing channel length For L = 5 um two zero-crossings
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Fig. 10. Measured (symbols) and modeled (lines) valueg"—\é(% {gm} :‘2—1132 {gm -}, and

23
:‘(1]33 {ym 4} as a function of gate voltagézs for a p-type

MOS transistor withiV’ = 10 um, L = 10 g m at Vg = 0 V, using (9) and (10) withs = 1.

can be seen in the third-order derivative, at low values &. PMOS-Devices

gate voltage the effect of series resistance introduces a nevs value for of 1/3 was found to give accurate results for
zero-crossing, whereas at high values of gate voltage theles, which corresponds to theory. In Fig. 10, the measured
E.q? term is still dominant and the third-order derivativevalues of f{igfz and 535(1133 for a long-channel p-type
behaves the same as for long-channel transistors.ZFer MOS transistor L= 10 zm) in the ohmic region¥(p, = —0.1

0.8 M no more zero-crossings can be seen in the thiry) are given as a function dfgs. Clearly, the hole mobility

order derivative, as the effect of series resistance is domingf@radation is completely different from the electron mobility
degradation, which can be ascribed to the difference in surface

for all values O_f gate voltgge. .Equatlons. (13)~(15) give arr(])ughness scattering. Equation (9) with= 1 was optimized
accurate description of distortion behavior for all Chann%Ising the measurement results. The simulation results are also
lengths. The incorporation of the gate voltage dependencyd}{,en in Fig. 10, they correspond well to the measurement
series resistance is important for channel lengths smaller thagults. Apparently for holes Matthiessen’s rule is valid; this

2 pm, might be due to the fact that holes tend to populate in the
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Fig. 11. Measured (symbols) and modeled (lines) value%a‘é& {gm}, % {gm>}, and % {gm3} as a function of gate voltag&s for a
p-type MOS transistor withV = 10 um, L = 0.8 pm at Vsg = 0V, using (9) and (13) withn = 1.

lowest energy subband even at lower field strengths [@lpminant than the effect of series resistance. The DC-biasing
. . 3 . . .
[9]. point for whlch% becomes zero, is essentially determined
The influence of series resistance can be observed in Fig. g\l the presence“of thés.q> term and can be accurately
where the measurement results and simulation results usiddicted using (15). P-type MOS transistors are less suitable

(9), (13), and (14) are given fat = 0.8 um. As the depen- for distortion applications where mobility degradation is the
dence on gate voltageus for surface roughness scatteringimiting factor.

(x E.g) is basically the same as for the series resistance effect
(xx Vas — Vi), the distortion behavior for p-type MOSFET'’s
does not change very much with decreasing channel lebgth
Equations (9), (13), and (14) give an accurate description ofFrom a viewpoint of circuit simulation time it is desirable

APPENDIX |

distortion behavior for all values of channel length. to include the series resistance directly into the MOSFET
model without adding additional nodes. In the linear region the
V. CONCLUSIONS drain current expression for a MOS transistor without series

. _ . ._resistance is given by (10). In the presence of source and drain
An accurate, physical description of mobility degradation _. . .
LT . - . ._resistanceRs and Rp, the internal bias valueigys, Vps, and
in circuit-level MOSFET models is essential for dIS’[OI‘tIOI’JV are lowered and have to be replaced b

analysis. The difference in quantum-mechanical behavior of° P y

electrons and holes in the inversion layer leads to different Vas — Vas — Ip - Rs

models for electron and hole mobility. Although in strong- Vios — Vos — In - (Rs + Rp)

inversion both hole and electron mobility are mainly limited bs DS =D "\ s T D
by the same two scattering mechanisms, i.e., phonon scattering Vs = Vs +Ip - Rs.

and surface roughness scattering, they still exhibit a different _ i ) _
dependence on effective normal fiell.;. New mobility Neglecting the effect of series resistance on the effective
models for electrons and holes have been found, which canrl%mal field Eer and on threshold voltagd’y,, the drain
incorporated in compact MOSFET models. For long-chann@{Tent can be expressed as

MQOS transistors atllow drain yoltagE‘Ds, thesg |mp_roved 20(Vass —Vin— 1 Vs ) Vs

MOS models describe the drain curreht and its higher- N 1+8(Rs+Rp)(Vas— V) —BRo Vos (16)
it dlp 91 541 D~

order de_nvatlvesavgs,avgfz and gL accurately for a e 202 (Rs?—Rp?)(Vas —Vin— 1 Vbs ) Vios

large region of gate voltages and bulk voltages. The accurate (I+8(Rs+Rp)(Vas —Vin ) —BRp Vs )2

results of these MOS models can be extended to short channel
length transistors, when the gate voltage dependency of sehégre 3 is given by
resistance is also incorporated in the models. W

In order to minimize distortion in circuits, it is often impor- b= “Coxf' a7
tant to make the third-order derivative zero. As can be seen
from Figs. 4 through 8, this is only possible for long-channéior small values o5 the drain resistanc&p is equal to
n-type MOS transistors, where mobility degradation is motee source resistandgs [18], and (16) reduces to (13).
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APPENDIX Il

In the measurement set-up in Fig. 2, the drain curdent
can be expanded in a Taylor series

ID:b0+b1'vi+b2'Ui2+b3'%‘3+---:Zbi'vii (18)

1=0
wherew; is a purely sinusoidal signal
v; = Vp - sin (wt) (19)
and
1 9
bi= 5o (20)
v 9Vas Vpo,VGo,Veo

The drain current (18) can be rewritten in termsséf (nwt)
Ip = co+cq -sin (wt)+cy-cos (2wt)+es-sin (3wi)+... (21)

The components;, ¢; andcs are measured by the spectrum
analyzer, and can be written as

Cl—bl'VP+§'bg-VP3+§'b5-Vp5+... (22)
62——1'52'VP2—%'54-VP4—... (23)
¢ T A P A (24)
3 — 4 3 r 16 7 r

When a small enough value is chosen for the amplittige
(22)-(24) reduce to

cL~b - Vp (25)
Co _L by - Vp? (26)
1
o3~ =7 by VP, 27)
In this way, the higher-order derivativeg,(—?s, % and
a‘r’égfg can be calculated in a straight-forward manner fro

the ‘'measured harmonics.
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