ECE606: Solid State Devices
Lecture 23
MOSFET I-V Characteristics
MOSFET non-idealities
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1) Square law/ simplified bulk charge theory

2) Velocity saturation in simplified theory

3) Few comments about bulk charge theory, small
transistors

4) Flat band voltage - What is it and how to measure it?

5) Threshold voltage shift due to trapped charges

6) Conclusion

Ref: Sec. 16.4 of SDF Chapter 18, SDF
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w o Vos Formula overview —

Iy = _L_hlueff [Q(v)av derivation to follow
Cl 0
1) Square Law Q (V) =-C4[Vs -V, =V)]
_J2aeaN, (20 +V)

2) Bulk Charge Q(V)=-Cq|Vs —Vis — 24 -V =
3) Simplified Bulk Charge Q (V) =-Cs[Ve =V, —mV)]

4) “Exact” (Pao-Sah or Pierret-Shields)

b
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55 NCN Effect of Gate Bias
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Gated doped or p-MOS with adjacent n* region
a) gate biased at flat-band
No source-drain bias b) gate biased in inversion
A. Grove, Physics of Semiconductor Devices,

1967.
A
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The Effect of Drain Bias

2D band diagram for an
n-MOSFET

a) device
b) equilibrium (flat band)
c) equilibrium (¢s > 0)

d) non-equilibrium with V5 and
V>0 applied

SM. Sze, Physics of
Semiconductor Devices, 1981

Depletion very " 2ao and Sah.
different in source ay I:N »
drain side Gate voltage must ensure channel formation=> LARGE v

st NCN Effect of a Reverse Bias at Drain
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FIGURE 2.34. Gated diode or p-type MOS with adjacent n* region under nonequilibrium (reverse

Gated doped or p-MOS with adjacent, reverse-biased n* region
a) gate biased at flat-band
b) gate biased in depletion
C) gate biased in inversion

A. Grove, Physics of Semiconductor Devices, 1967.

X
I’UKUUb Klimeck - ECE606 Fall 2012 - notes adopted from Alam 6 y‘;'




Inversion Charge in the Channel

Chanel - Drain)

Q =-Cp Ve ~ Vi -V)
+GN, (W, (V) ~W, (V =0))

needed to invert the channel throughout its
length

o5 AVER) Inversion Charge at one point in Channel

L) nancHUBorg

\/th:2% —%(V:O) * s
aN,, (W, (V) ~W, (V =0)
C

0oX

Q =-Co (Vs Vi) \ the presence of drain
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Approximations for Inversion Charge

Q =-Co(Vo =Vy —V)+aN, (W, (V) W, (V =0))

=-Co(Vg =Vin —V) +[\/2q/(s€oNA(2¢f3 +V) _\/ZqKSSONA(ZwB)}

Approximations:

Q=-C,(V; -V, —V) Square law approximation ...

Q=-C,(V; -V, —mV) Simplified bulk charge approximation ...

7
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S35 NCN The MOSFET

U nanoHUBorg

B I:n = I:p_qVD

F,=F,=E

F, increasingly negative from source to drain
(reverse bias increases from source to drain)

DX
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Elements of Square-law Theory

Q(Y) = =Cy [V =Vip =MV (¥)]
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S NCN Charge along the channel ....
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Charge along the channel ...

0 Vo Vp>0
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o%%?%sq Depletion into the channel ...
VG
S —
W(Vp=0) W(Vp)
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Depletion into the channel ...

Vp>0
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S5 NCN Another view of Channel Potential
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Source Drain

ST

=
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Square Law Theory

\/
3, =Qué&=Q,u v 0 Vo V>0
dy|,
av
J3 =Q3/J‘f3 =Q31L"d_y3
dv
‘]4_Q4/1‘21:Q4:ud_y Q
! 0,Q,Q:Q
Sy _ Z Qav
N M =N
J : \
=2 3 dy = [ ClVe —V, ~mV)aV
M izIn 5 v,
2
Jp = IULCOX (VG _\/th)VD - mV%
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5 MNCN Square Law or Simplified Bulk Charge Theory

U nanoHUBorg

ch

V 2
Iy =W%[(vG Vi )Vo — m%}

diy =0=(Vs =V, ) —mV, =V, :(VG* -Vth)/m

Vosar = (VGS _VT)/ m

Unphysical, since current does
not decrease with increase in
vd

2

- |:(Ve _\/th)VD - m%j|

expression for currents

w
lp = :uco_(VG _VT)VD
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° o 2mL,
l D |

| 1
I \ VGS

Fzm- e -- - .

/ N \
/ ,
/ \
VDS

Qi = _Cox(VG _Vth - mV)

0 Vo Vp>0

This situation doesn't arise since

electrons travelling from left to right

are swept into the drain under the

effect of the reverse bias applied 19 @}

Linear Region (Low V)

Vys small

—~ Actual
~

Mobility degradation
at high Vgg

Subthreshold Vi
Conduction Intercept gives V;

Can
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get V; also from C-V
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Outline

1) Square law/ simplified bulk charge theory

2) Velocity saturation in simplified theory

3) Few comments about bulk charge theory, small
transistors

4) Flat band voltage - What is it and how to measure it?

5) Threshold voltage shift due to trapped charges

6) Conclusion

Ref: Sec. 16.4 of SDF Chapter 18, SDF
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2B ACHY Velocity vs. Field Characteristic (electrons)

L) nancHUBorg

A ’ = “HE

| A
o

£ 107 / U=Ug

o T J

2 7 ~

o V=ut °

, Ud,sat = IUEC

104 Electric field V/icm --->

mobility is now, in principle, a function of distance
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- derivation for MOSFET current

0 Ve V>0

av

J,=Qué& = Qlﬂld—yl
av

Jz :QzﬂfzzQzﬂzaz

3y = QU5 =Qu 1 L Jd

3 = Wl = Ul dy |, - Z ay - z Q dv

av istn M(Y) S

J4 = Q41U4£4 = Q4U i,
dy|,
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525 MM Velocity Saturation

L) nancHUBorg

Vo
30 Y = [CulVe ~Vy V)V
0

3, 1dv mv, 2
=0 [ dy| 1+ == | =C, | (Ve =V, )V, ——2
Fo ldy{ & dy} °{( eV }

Ly Vbs 2 Q
[ 3pdy+ | Jo gy :CO{(VG =V, )V, - mVy }
0 0 Ec 2
v Vsat

C mV,,2

JD = Ho Q)} (VG _\/th)VD - .
L, +-2 2
g
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Significance of the new expression

C mv.,2
b= -1

V,
+_D
LOhé’

C

2

» At very small channel lengths and high drain biases, the
current expression becomes independent of the channel
length

 In the linear region in the |-V, characteristics, you have a
resistance that doesn’t depend on the length of the channel

25 o
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ohor e Calculating Vgt
dy _,
dVps

Take log on both sides and then set the derivative to zero ....

— Z(VG _‘/th)/m < (VGS _VT)
1+\/1+ 2llo(‘/G _‘/th)/musat Lch m

DSAT
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A
I
o
N
>
N
I
SN

,
= ’1% v, (V=7

N

This expression can be derived by plugging in
the value of V, ., for the short channel regime

-------- -T- 1 D =WCoxUsat (VG _VT)

B
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sZBMCAY ¢ jnear Law’ Expression at the limitof L --> 0

L) nancHUBorg

_ 2(Vs =V, )/m
1"'\/1"' 244, (VG _\/th)/rrvsat Len

VD SAT

Vosar — \/ 20, L, (Ve Vi )/ Mg,

\/l+ 24, (VG _\/th)/rmsail‘ch -1
1+ 204, (Vs =V ) /Mg Ly, +1

sat —ch

lDSAT =WCoxUsm (VG _\/th)

_ Complete velocity saturation
IDSAT _WCoxUsaI (VG _\/th) P y

Current independent of L
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‘Signature’ of Velocity Saturation

st NCN

U nanoHUBorg

DS

VGS

Ip and (Vg - V1)t In practice .....

lo (Vo =Vpp) ~ (VG _\/th)a

1<a<?2
Complete Long channel
velocity
saturation
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Outline

1) Square law/ simplified bulk charge theory

2) Velocity saturation in simplified theory

3) Few comments about bulk charge theory, small
transistors

4) Flat band voltage - What is it and how to measure it?

5) Threshold voltage shift due to trapped charges

6) Conclusion

Ref: Sec. 16.4 of SDF Chapter 18, SDF

B
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2B ACHY Approximations for Inversion Charge

L) nancHUBorg

Q =-Co(Vs —Vy, —V)+aN, (W (V) -W, (V =0))

==Co(Vs =Vip —V) +\/2qKs€oNA(2¢B +V) _\/qusgoNA( zﬂs)

Approximations:

Q=-C,(V; -V, —V) Square law approximation ...

Q =-C_(V; -V,, —mV) Simplified bulk charge approximation ...

simplify the equation, resulting in a more complete bulk charge expression
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Complete Bulk-charge Theory

Additional V dependent terms
abstracted into m previously

J_Zdy:jc A V)dV+J'[ ........ ]dV/

Ho i=IN
Len Vo Vo
Jp _
=2 [y = [ CoVo =V =VIOV + [ [ BV
00 0 0

JD :'uo—cox (VG _Vth)VD _V_ qNA\Nr {( —DJ —(1+ %J}}
Ly, 2 3 G 20 4

(Eq. 17.28 in SDF) ... Explicit dependence on bulk doping
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S NCN Velocity Overshoot
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103 V/cm 10°V/ecm 103 V/cm
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g 2
0>J o
< E=
(4]
£
F ] ~

0010° 0

0 1.5

05 1
Position tm)

U# U, (E)E — Valid for bulk semiconductors,
not valid at top of the barrier
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Velocity Overshoot in a MOSFET

L I N S NN NN NN SN R | R0 S (oL LI I A B Ba M M B 4
——
< 2.0x107[
E .0x
L
=
8
I - 1.0x107]
Vo= 08V >
| Ve-Vr=05V
1 1 1 1 'l '} N I D.D

00 -001 002 003 004 005 00 001 002 003 004 005

Position élong Channel (um) Position along Channel (mm)

Frank, Laux, and Fischetti, IEDM Tech. Dig., p. 553, 1992
O

s
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5 MNCN Intermediate Summary

L) nancHUBorg

1) Velocity saturation is an important consideration for short
channel transistors (e.g., Vp=1V, L,,=20nm). Therefore,
a ~ 1 for most modern transistors.

2) Bulk charge theory explains why MOSFET current
depends on substrate (bulk) doping. In the simplified bulk
charge theory, doping dependence is encapsulated in m.

3) Additional considerations of velocity overshoot could
complicate calculation of current.

4) Good news is that for very short channel transistors,
electrons travel from source to drain without scattering. A

considerably simpler ‘Lundstrom theory of MOSFET’

applies. f
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Outline

1) Square law/ simplified bulk charge theory

2) Velocity saturation in simplified theory

3) Few comments about bulk charge theory, small
transistors

4) Flat band voltage - What is it and how to measure

it?
5) Threshold voltage shift due to trapped charges
6) Conclusion o (Vo =Voo) ~ (Vs =Vir )"

l<a<?2
Ref: Sec. 16.4 of SDF Chapter 18, SDF

_y|v|Q|v| _QF _QlT(¢S)
C, C, C,

B
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Vi =Vinidea T @us

(1) Idealized MOS Capacitor

Recallthat =~ =  —/——Ho fF----------- EF
Vv

Q =C, (Vs ~Vinideas )

Qe
C

0oX

Vinidea =¥s —

vz metal  insulator p semiconductor
=20

DX
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Potential, Field, Charges

A

Real MOS Capacitor with

Note the difference

bring them together there is charge transfer
from the bulk of the semiconductor to the
surface so that we have alignment

Do we need to apply less or more V to invert the channel ?
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e
structure. pp ying | is voltage nu IIES l ! | ect I l ! UI t-in potential. | ” voltage nees to !

incorporated into the idealized MOS analysis while calculating threshold voltage

Vi = ~¢ms >0 %< =0 flat band

+ <
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unction greater or less
than the electron affinity+(Ec-Ef) in the semiconductor?

[
P L~ Ec
Kl'herefore, ) l I — =

Qi = Cox(VG _\/th)

N I g
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fMeasure of Flat-band shift from C-V Characteristics

B.crg

At

so that a very small positive
bias inverts the channel. The flatband voltage is the amount of voltage required to shift the

curve such that the transition point is at zero bias.

]
|
1
T

\

\

\

N\
N
N ~ .
€ > VG
Actual V4,
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st NCN

U nanoHUBorg

1) Square law/ simplified bulk charge theory

2) Velocity saturation in simplified theory

3) Few comments about bulk charge theory, small
transistors

4) Flat band voltage - What is it and how to measure it?

5) Threshold voltage shift due to trapped charges
6) Conclusion

Ref: Sec. 16.4 of SDF Chapter 18, SDF

_ yMQM _ QF _QlT(¢s)
C C C

(026 0oX 0X

Vin =Vinidea + s
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(2) Idealized MOS Capacitor

_____________ b Vacuum level
Xi T
Substrate (p) f
Xs
>, l
o Ec
L II>< E
Recall that o =
%
Q =Co (Vs ~Vinidea)
_ Q
Vinidea =%s ~ C_B ) ]
x|y, =24 metal  insulator p semiconductor
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Distributed Trapped charge in the Oxide

Xo

Qu = [ Py (x)dx

Ec

the oxide changes the field inside the oxide and effectively traps
field lines comping from the gate. As a result, depending on the
polarity of charges in the oxie, the threshold voltage is modified.

X

_Q

C

026

Qu

C

(04

V, = -
th ws yM can think of this as replacing
the entire distribution with a

delta charge at this point
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An Intuitive View
Reduced gate charge

Bulk charge

-t
—_—
\\ J/
Interface charge
0
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525 MM Gate Voltage and Oxide Charge

L) nancHUBorg

V.=V _+i. Kirchoff's Law — balancing voltages
f()%) XO r 1
— dzvox = dz:ox = pox(x) j df’ = pox(x )dX
dX2 dX K ox‘go £(x) * X K oxgo

| > Known from boundary
av j(p (X')dX' conditions in semiconductor
- oX — - = - | o 7 and continuity of E
o Lo mZa(0=E,(X) inuity

0 Koxgo

K f x")ax'
Vox :K_SXOLZ-S(XO) - T dXIM

ox 0 0 Koxgo
Xp_(x)ax
:_SXOLZ-S(XO) - PoX)
ox 0 Koxgo

DX
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Gate Voltage and Oxide Charge

X

K
= X000 =[x (9

oX (98 0

\/th = ws(: 2@ ) + A\/ox

A
=W (=2¢ ) + % E (X ) —— d
D=2+ S E () [P (0

1
=Vinides ~ C _[ X (X)X
0X 0
_ _Qy
- \/th,id%] C y M
ox o
PURDUE Klimeck - ECE606 Fall 2012 - notes adopted from Alam 49 &

5 MNCN Interpretation for Bulk Charge
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\
=
\
Xo N
1 N
Vin =Vinssmn = | %0080 = X)X e )
(] 0
v % Q) | l Ideal V;
th,i Xo Co 1 1 VG
New V;
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\
1% N
Vo SVo 5 | X2, ()3(x = x,)lx N~
0

° l Ideal V;

— QF 1 1 1 1 1 V

=Vin T C G
o New V.
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Interpretation for Interface Charge

O%e“ Q%Br: Time-dependent shift of Trapped Charge
C/C,,
E
B
17 T
Vo =Voien = j XQu (X)X 3(x = %, (t))x
v (L0, 0.0 | 1deal v
th,ideal XO COX 1 L] 1 1 1 VG
Sodium related bias temperature instability (BTI) issue
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Bias Temperature Instability (Experiment)

le— |t N
by ¥ i + |-
- ¥ T -
- - b AV = =TV
- - 10 | 1
1 1 ¢,
) (+) ; Bmges [ |
. . Cy !
biases biases |
,/
S RN T Y
Q 06Tl 120 -100 80 =60 40 20 0
VG
X
| 0.9x
X, 0 o X%
RUBDUE Klimeck - ECE606 Fall 2012 - notes adopted from Alam 53 %

55 NCN Conclusion
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1) Non-ideal threshold characteristics are important
consideration of MOSFET design.
2) The non-idealities arise from differences in gate and

substrate work function, trapped charges, interface

states.
3) Although nonindeal effects often arise from transistor

degradation, there are many cases where these
effects can be used to enhance desirable

characteristics.

A
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