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N-MOSFET Schematic
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N-MOSFET Schematic
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= Source terminal: Ground
potential.

= Gate voltage: V

= Drain voltage: V,

= Substrate bias voltage: -V
(Vsb)

Do you remember
what is quasi-
Fermi level?

> w(x,y): Band
any point (x,y).
» V(y): Quasi-Fermi
potential along the
channel.

»Boundary conditions:

V(y=0) = 0, V(y=L) = V..
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= The electric field in the channel is essentially one-
dimensional (normal to the semiconductor

surface) P"ly“l;;’: L, e
9 oxide
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Electron concentration:
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2

Nn.
n(X) :_|eq(l//—V)/kT

N

a

n2

Electric field:
(dw ¥ 2kIN. 17 qw )
Een=G50 ) =Tl

N> KT

a

i / ! ! (o R1/4 \\—|
L Le—qV/kT (eql///kT _1)_£J‘|

Condition for surface inversion:

w(0,y)=V(y)+2p,

V (y) plays the role of the reverse bias

in a MOS capacitor under non - equilibrium

Maximum depletion layer width at inversion:

gN

W, (y)= Jzesi[vwnzwg]

a
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Current Density Equation

drift diffusion
f_Aﬁ I_H

J, =qu,nE +aD, an
dy

AERCUSDR

n=—--e 7 ;—u =D,
N, q

dn ¢ " dy dV

dy kT \dy dy

Current density equation (both drift and diffusion):

dV(Y) «— Quasi-

Jn (X, Y) = —qu,n(X, Y)d—y Fermi level
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Assumes that vertical field (E,) is stronger than lateral field (E,) in
the channel region, thus 2-D Poisson’s equation can be solved in
terms of 1-D vertical slices.

Current density equation (both drift and diffusion):

A\ ( v\ «——— Quasi-
MY ) .
Fermi level

dy

‘]n(Xa y) — _q:unn(xa y)
Integrate in x- and z-directions,
oY) = oW Q) = — 11 W Q)
ds Hegt dy i Hest dy i

where Q.(Y)= —q_foxi n(x,y)dx is the inversion charge per unit area.

Current continuity requires /. independent of y, integration with
respect to y from 0 to L yields

o= ], QO )V

<&
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H. C. Pao and C. T. Sah, “Effects of diffusion current on characteristics
of metal-oxide (insulator)-semiconductor transistors,” Solid-State
Electron., vol. 9, no. 10, pp. 927-937, Oct. 1966.

Change variable from (x,y) to (v, V),

2

(X, y)= n(z//,V)_ eq("’_v)/”

v (N7 /N, )V VKT
J‘ (s \/)
=\Y¥oVv )

QV)=-q “n(y. dy

Substituting into the current expression,
- W veo| v (n7/ N, )ed¥ VKT
:> Ids - q/ueff TJ‘O _[//B E(W,V) dW dVv

where (V) is solved by the gate voltage eq. for 2
vertical slice of the MOSFET:

\J2&4KTN [ql//s ni2 eq(l//s—V)/kT }1/2

KT

ow do you get this
approximation?

(see Lecture Notes
p. 2-12 and 2-22
and make
approximations)

Q,
Vg :Vfb + Y, _C—:Vfb + Y+

0X 0X

G

Y
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Example of y, vs V; Relationship
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R. van Langevelde, F.M. Klaassen / Solid-State Electronics 44 (2000) 409 - 418
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Assumes that all the inversion charges are located at the
silicon surface like a sheet of charge and that there is no
potential drop across the inversion layer.

After the onset of inversion, the surface potential is pinned at

1 ‘IIII\

W, =2y + V(y).

= Depletion charge:  Q, =—gNW,, .. =—+/2&4aN, (2w +V)

= Total charge: Q. =—Co(V, =V — 1) =—C (V, =V, =25 —V)

" Inv. charge:  Q =Q,-Q,=-C,(V,~Vy, =2y, —V)+26,aN, 2y +V)

. . . W Vds .
Substituting in 1, = s - | “(-Q(v))dv and integrate:
W V 2./2e,0N,
Ids = Hest Cox T{(Vg _Vfb B ZV/B - f ds — 32 “ [(2V/B +Vds )3/2 — (2WB )3/2]}

J.R. Brews, “A charge-sheet model of the MOSFET,” , , February 1978, Pages 345-355
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Linear Region |-V Characteristics

For Vs <<V,

wW B \/4gsinaWB

Ids = Het Cox T Vg _Vfb _2WB C

OX

W
ds — Het Cox ng _Vt )Vds

J4e.aN
where V, =V, +2y;+ %%V s the MOSFET threshold voltage.
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Figure 6: Sub-threshold curves for 35nm Lgate devices 3
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P. Bai et al., “A 65nm Logic Technology Featuring 35nm Gate
Lengths, Enhanced Channel 8 Cu Interconnect Layers, Low-k ILD
and 0.57 ym? SRAM Cell,” IEDM, p. 657 (2004).
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= Linear extrapolation (LE) at the maximum G, point

= Constant current (CC) method < Often used in industry <_

= Transconductance change (TC) method e <
devicegs
CCCometly))

D.K. Schroeder Semiconductor material and device characterization, 2nd ed, Wiley, New York (1998).
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Example /, (and G,,) vs Vs curves
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R. van Langevelde, F.M. Klaassen / Solid-State Electronics 44 (2000) 409 - 418
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Example log(/,) vs Vs curves
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R. van Langevelde, F.M. Klaassen / Solid-State Electronics 44 (2000) 409 - 418
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Threshold Voltage Extraction Method lllustration

Vry Determingtion by transconductance change
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Fig. 9. Sct ic ill ion of d ining threshold voltage by the transconductance change (TC)

Gate voltage (V)

H.S. Wong, M.H. White, T.J. Krutsick and R.V. Booth, Modeling of transconductance degradation and extraction of
threshold voltage in thin oxide MOSFET's. Solid State Electron 30 (1987), p. 953.

method. ¥ = SmV. The gate-to-source voltage at which the derivative of the transconductance (a) is
2 maximum locates the threshold voltage determined by the TC method [Vry, (TC)L. The threshold voltage
of the classical “2¢; point" definition is labeled Pry(24¢). The linearly extrapolated threshold voltage
is labeled Vry(LE). The extrapolation line is drawn through the point of maximum slope (trans-
conductance) of the I, curve with slope equal to the peak transconductance. The “knee” point of the
band-bending &, (b) corresponds to the point where the derivative of the transconductance goes through
a maximum. This figure also shows the gate-channel capacitance (c), the drain current (d), and the linear
extrapolation line (€) (dashed line) for reference.
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Example dl,/ oV s and 6?1,/ 0V ;s ?Vvs Vs curves
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R. van Langevelde, F.M. Klaassen / Solid-State Electronics 44 (2000) 409 - 418
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lys = et Coy VI\_/{(V Vi =2y, - V2 )\/d 2 285IqN [(2 B+Vds)3/2—(2 8)3/2]}
L__>Keep|ng the 2nd order terms in V. ly=4C {N ~V, )V, — > V,, }

gqqN, /4 : .
where m=1+‘/ e Wy, Can 1 Sl s the body-effect coefficient
Cox Cox de
‘ A (Vasat, ldsat) \/,’ v
/// ......... Non-physical part
2 /
| = _ C W (Vg _Vt) / of the /,, equation
ds = Vdsat = Aeff “ox L m - . 3 for Vs > Vst
g _ Y9
when /o
e
Vds = Vdsat (V V)/ m CDE Va2
Vi
Typically, m~ 1.2 - -

Drain Voltage

<&
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Pinch-off Condition

From inversion charge density point of view,

Q|(V) — _CoxNg _Vt o mV)
while 1, = sy 2 [ (-QV))aV

Qv A

At Vds =\ _dsat = (vg_ vt)/m’
Q,=0and /,, = max.

Cox (Vg _Vt )

Integrated area under
the curve (shaded
area)oc | o

Source Drain V, -V,

H.-S. Philip Wong Department of Electrical Engineering
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Beyond Pinch-off

Channel length | &~
modulation s =

Depletion region

H.-S. Philip Wong Department of Electrical Engineering



Saturation Characteristics — Experimental Example

1.6 -
. PMOS NMOS VGS=1.2V ol
1.4 E —
E 65 nm teclhnology VGS=1.1V
1.2 VG steps of 0.1V @
~ 1.0 '
E  Lves=1a2v w
] ~ .
T 08 ~yvGs=1.1V
E . Slope due to:
— 0.6 - = Channel length
: modulation (CLM)
0.4 ; = Drain induced barrier
- lowering (DIBL) — to be
0.2 - discussed later
S
0.0 - aE |
-1.2 -09 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2
P. Bai et al., “A 65nm Logic Technology Featuring 35nm Gate VDS (V)

Lengths, Enhanced Channel 8 Cu Interconnect Layers, Low-k ILD
and 0.57 ym? SRAM Cell,” IEDM, p. 657 (2004).
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Subthreshold Region
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2 12
—Q, = g4E, =4/264KTN, av, . 0 g VI/kT
KT N

a

Power series expansion: 1st term Q,, 2nd term Q,

2
£40N, (kT ]( n; ) Qd(vs —V)/KT
2W5 N q /\Na/

W v
Los = Hest TJO \~
2 2

=7 = 11, W gsina KT n; eql//s/kT(l_e—qus/kT)

Solving for  using - ° L 21//S q N a
1/2
Vg :Vfb‘H//s +'\/2gsikTNa |:ql//s:|
Co LK W kT )’
or, I ,ueff _ (m . 1) Q(Vg =V )/mkT (1 . e—qus/kT )

Inverse subthreshold slope: 111(10)

:(d(loglds)] mkT ﬂ%] (In(10)KT /q) "' =~ 60 mV / dec

=23 =
dv, g q at 300K

0X



1 decade~<
lof’
| | | | .\
VG
0 Vi Vbb
S
S dlogly, | 0V 0% - Cyn | KT In(10)
dVg oY Ologly, |
Gate to channel potential 60 mV/dec in MOSFETs due to

coupling: >1 in MOSFETs Fermi-Dirac distribution

<&
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v,
[ . You can either
L] Gate T Start with the Poisson’s

T Somce / \ Drain equation solution for Q,, Q,

Q; with the quasi-Fermi levels
T of the holes and electrons

7, separated by the substrate
bias V,, or

Keep the substrate at zero

(as the reference) and shift
the source , drain, and gate
biases by V,

Vbs‘ Vn‘s_ Vf_‘:;

T Gate T
n- Source / \. 0" Drain




Body Effect: Dependence of Threshold Voltage on
Substrate Bias You can either

1. Start with the Poisson’s equation solution for Q,, Qg
Q; with the quasi-Fermi levels of the holes and
electrons separated by the substrate bias V,, or
If V., =0,

2. Keep the substrate at zero (as the reference) and
shift the source , drain, and gate biases by V,

W Vi 242640N, T
Ids = Hest Cox T (Vg _Vfb o ZWB o 701 ds 3C [(21//3 +Vbs +Vds )3/2 — (ZWB +Vbs )3/2]
1.8
U " tx=200 A Applied bias =—V,

[S—
(o)}
I

V240N, 2y, +V,,)
C

[—y
~
T

V,=Vy +2p, +

0X

U

N,=3x10" ¢cm™

Threshold Voltage, V; (V)
o
I

1
dV, esaN, /2Qyg +Vy,)
- 0.8
dVv,, C.,, 7
0.6 ‘ : : : \ |
Co, Cox Wi Substrate Bias Voltage, Vis (V)
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Low-Fower Ulgltal 1Ircuits
Klaus von Arnim, Eduardo Borinski, Peter Seegeb }t, Meiber, IEELE, Horst Fiedler, Member, IEEL,

Ralf Brederlow, Roland Thewes, Member, ]E-EE. J

Abstract—The efficiency of body biasing for leakage reduction
and performance improvement in a 90-nm CMOS low-power tech-
nology with triple-well option is evaluated. Static measurements of
single devices and dynamic measurements of ring oscillators and
32-b parallel prefix adders are presented. Whereas forward biasing
still provides a significant performance improvement of up to 37%
for low-leakage devices with 2.2-nm gate oxide thickness, the ap-
plication of reverse biasing to reduce subthreshold leakage cur-
rents is inefficient due to additional leakage currents such as gate
leakage and gate-induced drain leakage. Experimental results con-
firm that, in 90-nm CMOS circuits, the efficiency of body biasing
strongly depends on the device type and operating temperature.
Moreover, the impact of the zero-temperature coefficient point on
static device and dynamic circuit performance is investigated.

Index Terms—Body biasing, CMOS digital integrated circuits,
zero-temperature coefficient point.

Fig.
system-on-chip technology.

[. INTRODUCTION
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1. Classifications of different circuit applications in the 90-nm CMOS



Application of Body Bias for Controlling Variations

1396 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 37. NO. 11. NOVEMBER 2002

Adaptive Body Bias for Reducing Impacts of Die-to-Die
and Within-Die Parameter Variations on
Microprocessor Frequency and Leakage

James W. Tschanz, Member, IEEE, James T. Kao, Member, IEEE., Siva G. Narendra, Member, IELE,
Raj Nair, Member, IEEE., Dimitr1 A. Antoniadis, Fellow, IEEE, Anantha P. Chandrakasan, Senior Member, IEEE, and
Vivek De, Member. IEEE

Absiraci—Bidirectional adaptive body bias (ABB) is used

150nm CMOS technology

6

to compensate for die-to-die parameter variations by applying % 5 Freqﬁe;‘lcy \ _Le'a.k'a.ge :
an optimum pMOS and nMOS body bias voltage to each die % too low “too high
which maximizes the die frequency subject to a power constraint. &4 2 i
Measurements on a 150-nm CMOS testchip which incorporates B3l ',;;11 0
on-chip ABB, show that ABB reduces variation in die frequency H 5 AR 7 410°C
by a factor of seven, while improving the die acceptance rate. An g '.g‘a,-_ . V AAV
enhancement of this technique, that compensates for within-die '25 1 Z \O o

. . . . s .2 0.05
parameter variations as well, increases the number of dies 0 ! - —~
accepted in the highest frequency bin. ABB is therefore shown 0.925 1 1.075 1.15 1.225

to provide bin split improvement in the presence of increasing
process parameter variations.

Index Terms—Body bias, CMOS digital integrated circuits, for-
ward bias, low-power circuits, microprocessors, parameter varia-
tions, substrate bias, within-die variation.

Fig. 1.

Normalized Frequency

Measured leakage power and frequency for 62 dies.

cannot be accepted because of either low operating frequency



Dependence of Threshold Voltage on Temperature
V4e4ON, v

COX
For n* poly gated nMOSFET, V,, = - (E,/2q) - v,

V=V, +2p, +

E 4¢ .gN
:> Vt——_g+l//B+\/ Slq al//B
2( C.,
d\vlt 1 dEg »\/5 q!\\! / (//B\di/'/B 1 dEg di/’/’B
=— I+ — =——+(2m-1
dT 2q dT L C,, J dT 2q dT ( ) dT

See Taur &
Ning p. 167-
168 for
derivation
steps

From Table 2.1, dE /dT ~ -2.7x10~* eV/K and (N,N,)"? ~
2.4x10"% cm=3.

/Note: Operating temperature is h

16 3 specified at 85 °C for
For N, ~10™ cm™and m ~ 1.1, microprocessors and 150 °C for
dV,/dT is typically -1 mV/K. \_automotive applications

J




Carrier Transport and Gate Capacitance

Linear Region:

)2

Will come back to a more elaborate discussion later in the course
about carrier transport.

Let’s first digress briefly about the gate capacitance C,, and the
effective mobility u, 4 right now (we will return to them later again)



Weighted average

X with inversion carrier
J-O H,N(X)dx density

Mo =

oni n(x)dx

It was empirically found that when . is plotted against an
effective normal field E_;, there exists a “universal
concentration, and gate oxide thickness (Sabnis and
Clemens, IEDM 1979).

| |
Here E.q :g_(‘Qd‘+E‘Ql‘j

Since‘Qd‘:\/4gsinaWB =Cy (V, =V —2yp)and Q| = Cox(vg - V),
:Vt —Vi, =2 +Vg -V,
3t ot

0X 0X

= =

Vt +0.2 +Vg _Vt
3t 6t

(0) 0X

For n* poly gated nMOSFET, E.r =

<&



Electron Mobillity

10* T = T T

°
O [
7 iy O f
z O w
o 3_—
E} w -~ &g’ o B
5 3 OOOOD-.
:3' 0 o~
- ® .Qbibi- &
o0 TPeRN- N
pi 300K o
&

N, (cm™)
3.9x 10"
2.0 x 10'6
7.2 % 10'6 =
3.0x 10"
7:3%10"

24101 H

b>mEROeO

102 | 1 | | |

Effective field &,5 (MV/cm)

» | ow field region (low
electron density): Limited by
impurity or Coulomb
scattering (screened at high
electron densities).

» Intermediate field region:
Limited by phonon
scattering,

Ly ~32500xE "3

» High field region (> 1
MV/cm): Limited by surface
roughness scattering (less

temp. dependence).
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Temperature Dependence of MOSFET Current

5E-4 r
€ 4E-4|
] 105°C
+«— 3E41
S 25°C
3 2E4t oo :
(é i OC /Note: Operating temperature is A
® specified at 85 °C for
Q 1E4f microprocessors and 150 °C for

Kautomotive applications )
OE+0 ;
0 0.5 1 1.5
Gate Voltage (V)
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Hole Mobility

10°

g (cm*/V-5)

10

20

H.-S. Philip Wong

1 1 I I T i

"‘::"

-~

~
pHOe O

N, (cm™)

3.9x 10"
2.0x 10'
7.2 % 10'¢
3.0 x 10"
7.7 % 10"

0.1
Effective field &, (MV/cm)

| |
E = g_SIOQd | +§|Qi |j

In general, pMOSFET mobility does not exhibit
“‘universal” behavior as well as nMOSFET.

Department of Electrical Engineering
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Gate to
body
capacitance

-1

 Subthreshold region: C, =WL( 1 +C1 ] ~WLC,
0X d

° 0

o

What is the gate

d Linear region:  C_ :WLgox

Gate to to source apd

gate to drain

3 Saturation region: O channe capacitance in
v . capacitance subthreshold?

What is the gate
to body
capacitance in the
linear region?

See Taur & Ning p.
131 for derivation
steps





