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Metal -Oxide-Semiconductor Transistor [ n-channel]

VG < Vthreshold VG > Vthreshold

Sofirce / Drain
P-Type Regions

Sgfaree / Drain
P-Type Regions

Negligible electron concentration High electron concentration
underneath Gate region; underneath Gate region;
Source-Drain is electrically open Source-Drain is electrically connected

Professor N Cheung, U.C. Berkeley 1
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MOSFET I-V Analysis

N-MOSFET . L -

<
=

V; Increases

In general, inversion charge Qn (oc [V;-V4]) decreases from Source toward
Drain because channel potential V. increases.

= Vao
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Approximate Analysis

Inversion layer thickness Inversion layer concentration

e
| — Wt ® (- NV, Note: I is constant for all positions
D - ( q d“ft) along channel
= We Q, @V

Let VV; defined to be threshold voltage at Source
VDS

V. (average) ~ V1 +

Q, (average) = C, (V; — V,(average))

V
=COX(VG — Vi — 58)
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WIith v, =

o =p

Linear with V¢

N
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Quadratic with Vg

’ VDS
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V : Lateral E-field — o
D saturation
Electrons moves

Vs=0 saturation velocity
% s

/

N Q,=0 at the drain

Vpeq IS defined to be the value of V,
with Q,=0 at drain.

From Q,=C,, (Vs-V;-Vp), we get

Professor N Cheung, U.C. Berkeley
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Saturation Current
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Pinch-Off & Channel-Length Modulation
Vs> Ve

Vs = VasVr

o —

VDS> VGS_ VT

. —

Professor N Cheung, U.C. Berkeley
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MOSFET I-V Characteristics Summary
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Mobility of inversion charge carriers

EEE—— *Carrier will experience
02 dditional ing at th
- T nversior additional scattering at the
/\W Si/SiO2 interface
layer
v *Channel mobility is lower

than bulk mobility

* p(effective) is extracted from MOSFET -V characteristics
* Typically ~0.5 of p(bulk)

Professor N Cheung, U.C. Berkeley 9
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I vS. Vs Characteristics

The MOSFET I,-V5 curve consists of two regions:

1) Resistive or “Triode” Region: 0 < Vo < Vs — V7

x10™
§

L
/ ns | l’:‘.‘:"[ r

W v !
ID — kn T|:VGS _VT o ;S :I\/DS | Resistive

wherek! = 4.C_,

Uu;nr;ui%ndcncc

= 3
2) SRR MgRBfuctance parameter |
Vps > Vs — Vo
1 J
k! W 0
| psar = oL (VGS — Vi )2 ) *

wherek’ = 1. C_, CUTOFF” region: V; < V;
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Channel-Length Modulation

If L i1s small, the effect of AL to reduce the inversion-
layer “resistor” length is significant

— |y increases noticeably with AL (i.e. with V)

5
= Ip'(1 + AVpg)

ALL/

B T« A is the slope

S /

AL<<L

I’ Is the intercept

n

Professor N Cheung, U.C. Berkeley
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N-Channel MOSFET Summary

Vs and Vg normally positive values

* Vgs< V,: cut off mode, I55=0 for any Vg
* Vs> V! transistor is turned on

1) Vps< Vgs-Vi: Triode Region

w KP
I, = L d 5 [Z(VGS _Vt)VDS_VDSZ]

2) Vps™> Vg - Vi Saturation Region

Ip = VIY ¢ K2P [Z(VGS _Vt)z]

Boundary between Triode and Saturation Regions
Vas — Vi = Vps

Professor N Cheung, U.C. Berkeley
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P-Channel MOSFET Summary

Vpg and vgg normally negative values
* Vs>V, :cut off mode, 155=0 for any Vg
* Vgg < V,:transistor is turned on
1) Vps> Vgs-Vi: Triode Region
W KP
I, = L o 5 [2(VGS —V Vs _VDSZ]
2) Vps < Vgg-V¢. Saturation Region
W KP
Ip = L ¢ 5 [2(VGS _Vt)z]
Boundary

Vs _Vt = Vbs

Professor N Cheung, U.C. Berkeley
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P-Channel MOSFET I vs. Vg

* As compared to an n-channel MOSFET, the signs of all the
voltages and the currents are reversed:

4
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MOSFET V; Measurement

* V; can be determined by plotting I vs. Vg,
using a low value of Vg

Ip (A) I, = K[Z(VGS _VT) — Vs ]VDS

A

oo V)

Professor N Cheung, U.C. Berkeley
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Why x4, ~ constant beyond onset of strong inversion ?

VG :VFB "'Vox +VSi

e /
: Approximation assumes
Higher than V :
& ! Picks up all V, does not change much
the changes
in Vg
Justification:
If surface electron density
E, changes by [In
AN
AV, o€ —
Cox

’
’
’
’
’
/ /
y

but the change of Vg changes
only by kT/q [ In (Zn)] — small!

Professor N Cheung, U.C. Berkeley 16
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n-surface = n-bulk [ e aVSVkT

p-Si
N, =101%/cm3

n-bulk = 2.1 (1 10%/cm3

VSi

n-surfacel -r— E
Ve
Vs 0.35eV
VC
[ Ef

Onset of strong inversion

o (at V+)

Professor N Cheung, U.C. Berkeley
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n-surface
2.10E+04
9.84E+05
4.61E+07
2.16E+09
1.01E+11
4.73E+12
2.21E+14
1.04E+16
4.85E+17
2.27TE+19

17



EE143 F2010 Lecture 23

Parameter Extraction from MOSFET |-V

(A) V; Vg ForV, =V, >V,
’y I V. atdrain
_) 0 =Vig +Vp + 2‘%‘
B n 1 \/zgsqNa(2‘¢p‘+VD)

C:OX

_is =V, -V 1 <0
— = = Drainisat pinch - off

— MOSFET Iisin saturation mode.

Professor N Cheung, U.C. Berkeley 18
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Alternative way to extract V;

*Measure I versus V for a fixed Vs (say <100mV)

‘W Y/ o
ID = “L Cox(ve _VT_‘ZLS)VDS {[Z/

W
~ unT Cox (VG — VT) Vs X
vy " Ve

The intercept of I versus Vg plot on V-axis is V.

Professor N Cheung, U.C. Berkeley 20
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_| = ° Vg(varies)

i

Sl -V,
_ Vio Vo Vr -
, V, (withVg # 0)—V; (withV, = 0)
AVl -2
_ 250N,
B C:OX
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Ve +4Vs

VGl

fixed Vp

(@) For Vps<Vpgy /:/ > Vs

V
LW V Dsat
I D — TCox (VG _VT - %)\/DS

ol W o
N HiCox T Vos  [gy, varies with V]

(b) For VDS > VDsat

H WV

ID = IDsat = TCOX (VG _VT )2
ol LW _ _
8VZ TL Cox (Vo V1) [gmsat varies with VG]

Professor N Cheung, U.C. Berkeley 23
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k
I Dsat E (VG _VT )2 (1 + ﬂ’VDS )

Typically A ~0.1to 0.01(volt)™

ID A
real
/ """""""" =~ 1deal
7 : > VD
VDsat
——0
n* T n*

Professor N Cheung, U.C. Berkeley
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depletion
charge
controlled
by gate.

,’/ / T .
' \ depletion layer

- - ——— S e —————

Ideal
analysis

Professor N Cheung, U.C. Berkeley 25
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electric )
potential Tttt
because of

heavily L'=L-2X

! 7
! ’
1 ’
1 7/
N 1 7
\ 7
AN 1 7z
N L
L
Same '«
) n
S
4 N
4 1 N
1
1
1

doped n+

=L-2X,| |1+

Professor N Cheung, U.C. Berkeley

1

Note: W, IS Xymax

= L—2L/(>_<,- +W, f —W; - Xj]
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Area of gate charge distribution

“Yau Model” for short-channel effect.

Professor N Cheung, U.C. Berkeley
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L large

S/ID

Tomakef —1

=

Professor N Cheung, U.C. Berkeley
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W,

0]

S/D

L small

S/D

N

S/D
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«Implantation at low energy

Small Dt.
*Minimize channeling and
transient enhance diffusion

*Increase N,

28
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Effect of Vs on V-, Lowering

Large Vs = Larger S/D depletion charge at the drain side
— Smaller depletion region charge contributed by gate
— V starts to decrease at larger L

%
&

Depletion charge
contributed
by gate

Y

depletion layer L

Professor N Cheung, U.C. Berkeley 29
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Narrow Width Effect (related to W)

: parasitic
charge

W which has to

be created

by gate bias

-V 1s larger than ideal analysis.

Professor N Cheung, U.C. Berkeley 30
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N

Y

Professor N Cheung, U.C. Berkeley

Y
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Narrow Width Effect

Narrow Channel Effect

31
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Small Geometry Effects Summary

I I
| \
' |deal
. > gate control
L charge

Professor N Cheung, U.C. Berkeley 32
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SUMMARY of MOS Module

* Accumulation, Depletion, and Inversion Modes
« Flat Band Voltage, Threshold Voltage

« Charge Distributions and E-field Distributions

« Voltage drop across Silicon and across oxide

« Channel Bias and Substrate Bias

« Oxide Charge Effects

 Threshold Voltage Tailoring by Implantation

« NMOS and PMOS

- Small Signal Capacitance versus Vg

« MOSFET I-V Characteristics

* VDsat and IDsat

« MOSFET Parameters Extraction

« Short Channel and Narrow Channel Effects (qualitative)

Professor N Cheung, U.C. Berkeley 33



