Georgia Tech

Lecture 25

MOSFET Basics (Understanding with Math)

Reading: Pierret 17.1-17.2 and Jaeger 4.1-4.10 and

Notes
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MQOS Transistor I-V Derivation

With our expression relating the Gate voltage to the surface potential and
the fact that s=2¢ we can determine the value of the threshold voltage

0X gS

C

0X gS

where,

& . . . .
C.,, =— lIstheoxide capacitance per unit area
X

(0),4

V, =2¢. + és \/ZqNA (24 ) (for n - channel devices)

V, =24, — =8 \/ZqND (—2¢. ) (for p - channel devices)

Where we have made use of the use of the expression,

&5 = Kgég,
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MOS Transistor I-V Derivation

\ AW,

Coordinate Definitions for our “NMQOS” Transistor

X=depth into the semiconductor
from the oxide interface.

y=length along the channel from
the source contact

z=width of the channel

X.(y) = channel depth (varies
along the length of the channel).

n(x,y)= electron concentration
at point (X,y)

Z -
u,(x,y)=the mobility of the Device width is Z
carriers at point (X,y) Channel Length is L

Assume a “Long Channel” device (for
now do not worry about the channel

length modulation effect)
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MOS Transistor I-V Derivation
Concept of Effective mobility

The mobility of carriers near the interface is

significantly lower than carriers in the s| /VIVV\]\A" . Drain
Nt nversion layer N*

semiconductor bulk due to interface =~ oo mmeEEo—— -
scattering.

Since the electron concentration also varies
with position, the average mobility of
electrons in the channel, known as the
effective mobility, can be calculated by a
weighted average,

X=X, (Y) ..
[ s (6 y)n(x, ) Empirically
Hy = jx X, (y)n(x )dX ,U_ _ Ho
e y ‘l " 110V -V, )
or defining, where, 1, and @ are constants

Qu(y)=- j C(y)n(x y)dx [charge/cm]

=gy A% YN )
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MOS Transistor I-V Derivation

Drain Current-Voltage Relationship

In the Linear Region, Vs>V and 0<V o<V 4o

Jy =qu,nE + gD, Vn

Neglecting the diffusion current, and recognizing the current is
only in the y-direction,

‘JN = ‘JNy = q/unnEy = _qzunnd_y
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MQOS Transistor I-V Derivation D
Drain Current-Voltage Relationship

In the Linear Region, Vs>V and 0<V o<V 4o

X=X (Y)

=—[[aydxdz=2| "3, dx

- (— z ‘;j)(— q jjj“” 41 (% YN, V)X

=-Z /unQN

jy_ oy = Zunf’ "Q,d¢

To find I, we need an expression relating the
electrostatic potential, ¢, and Qy
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MQOS Transistor I-V Derivation
“Capacitor-Like” Model for Q,

Assumptions:

*Neglect all but the mobile inversion charge (valid for deep inversion)

*For the MOSFET, the charge in the semiconductor is a linear function of
position along the semiconductor side of the plate. Thus, ¢ varies from 0 to Vg

dQ

dVv

MOS Capacitor | MOS Transistor
Onl)x/oltages above threshold create inversion charge QN = _COX VGS _VT —_ ¢)
( N
\ J Note: Assuming a linear variation of potential along the channel

leads to an underestimation of current but is a good estimate for

Y. . .
Neglect the depletion region charge — endcicuaions
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MQOS Transistor I-V Derivation

Using “Capacitor-Like” Model for Qy we can estimate | as:

_Z/un =Vos
o =— [ Qudg

70 Vs
ID - Llu L 0 Cox(VG _VT _¢)d¢

ZuC,, &
ID — L|:(VGS _VT )\/Ds _;S} 0 SVDS SVDsat and VGS ZVT

This is known as the “square law” describing the
Current-Voltage characteristics in the “Linear” or
“Triode” region.

Note the linear behavior for small V55 (can neglect V<% term). Note
the negative parabolic dependence for larger V¢ but still Vo<V
(can NOT neglect V¢° term).
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MQOS Transistor I-V Derivation
“Capacitor-Like” Model for Q

But what about the saturation region?

For Vs>V, the voltage drop across our channel is V., With the remaining voltage
(Vps-Vpsa) dropped across the pinch-off region

ZlLl—nCOX V 288.
ID = IDsat — f (VGS _VT )‘/Dsat - D2 t VDsat SVDS

But the charge at the end of the channel is zero due to the pinched off channel,

Qu(y=L)=-C, (Ve —V; =V ) =0
or
Vo —V; =V

Dsat

Thus,

_ZLCOX (VGS —V; )2] \

ID — IDsat — oL SVDS

Dsat
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MOS Transistor I-V Derivation

Summary of MOSFET IV Relationship

ZuC V2
ID = Eoor |:(VGS _VT )\/DS _ﬂ}

] Visat < Vs

L 2
Z/LlnCOX [
0<Vp <V, and Vg >V, lp = lpe =
ty— N
\d Vi increasing A

Vo > Vr

f
|
|
|
|
:
I
|
|
|
|
I
|
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MOS Transistor Applications

Voltage variable Resistor

An n-channel MOSFET has a gate width to length ratio of Z/L=100, u,=200
cm?/Vsec, Cox=0.166 uF/cm? and V;=1V. We want to develop a resistor that has
a resistance that is controlled by an external voltage. Such a device would be used
In “variable gain amplifiers”, “automatic gain control devices”, “compressors” and
many other electronic devices. Define what range of V5 must be maintained to
achieve proper “voltage variable resistance” operation. Find the “On-resistance”
(Vps/lp) of the transistor from 1.5V<V s<4Vfor small Vg .

First, to achieve voltage variable resistance operation, we must operate in the
linear region. Otherwise, the current is either a constant regardless of drain
voltage (saturation region) or is approximately zero (cutoff due to the capacitor
being in either accumulation and depletion).

Thus, Vg5 -V>Vps. Given the values above, 0<Vs<0.5V /

Continued...
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MOS Transistor Applications

Voltage variable Resistor

Using the linear region I equation:

Z_nCOX V ; Z_I’]C:OX
ID = £ |:(VGS _VT )\/Ds - } ~ £ [(VGS _VT )\/DS] for Sma”VDS

L 2 L
L
RDS — VDS — _ VDS — /Z
I, ZuC C,[(Vs -V
D Hn'oox [(VGS _VT )\/DS] Hn'eox [( GS T )]
_ 0.01
% 200(0.166e — 6F /cm? (Vs —1)]

Thus,
100 Q < R, £600 Q2
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MOS Transistor Applications

Current Source

The same transistor is to be used for a “Current Source”. Define the range of
drain-source voltage that can be used to achieve a fixed current of 50 uA.

For a constant current regardless of Drain-Source voltage, we must use the

saturation region:

Z 11,C
ID — IDsat — %[(VGS _VT )2] VDsat SVDS
2 2
coup _ 100(2000m? /VSec)o.166uF /cm Ve, 1)
2
Vo =1.173V "

This source will operate over a Vp>Vgs-Vy 0r Vp>0.173 V /
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MQOS Transistor: Deviations From ldeal
Channel Length Modulation Effect

Above “pinch-off” (when V>V, =Vss-V7) the channel length reduces
by a value AL. | Vout Vi

Thus, the expression for drain current,

Z 4, C,,

ID — IDsat — T A (VGS _VT )2] VDsat SVDs D g
2L

TS ———— —

Becomes,

ZuC
ID — IDsat = 2(|:ui Aolx_) (VGS _VT )2] VDsat SVDS

orsince* AL(L, #;E(HA—LJ
L-AL L L

ZuC AL
I D — | Dsat — # [(VGS _VT )2 ] (14— Tj VDsat < VDS

*In many modern devices, this assumption does not hold. Thus, the channel length modulation parameter we are deriving does not describe the IV
expressions well.
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MQOS Transistor: Deviations From ldeal
Channel Length Modulation Effect

But the fraction of the channel that is pinched off
depends linearly on V4 because the voltage

across the pinch-off region is (VDS'VDsat) SO, Channel Length Modulation
AL causes the dependence of drain
-1V Ip current on the drain voltage in
L N DS saturation. X
where A is known as the Channel-Length srilile

Modulation parameter and is typically:
0.001 V1< A <0.1 V!
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MQOS Transistor: Deviations From ldeal
Body Effect (Substrate Biasing)

Until now, we have only considered

the case where the substrate (Body)
has been grounded....

...but the substrate (Body) is often

intentionally biased such that the

Source-Body and Drain-Body
junctions are reversed biased.

S G D

S G D
_E_" I VG VD (VD 2 O)
ZA [
|

|1

L) Si0, |

/7 ¢ A é
W ads g i
D

Vp (Vp20)

| 2

p-Si

27777 2

LD

B

The body bias, Vg, is known as the backgate bias and can be used to modify the
threshold voltage.

Note that now our channel potential has an offset equal to Vg, ....
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MQOS Transistor: Deviations From ldeal

Body Effect (Substrate Biasing)
Thus, our threshold potential with the body grounded,

V, =24, + és \/ 20N, (24 ) (for n-channel devices)

()4 S

€s
Surface Potential ¢

The Gate- Body Threshold becomes,

0X

V, =24, — és \/ 24N, (—2¢.) (for p-channel devices)

\Y

GB‘ Threshold

=2¢ —Vgs + és \/ 20N, (2¢ —Vg4s) (for p-channel devices) Ves ]

(04 S

\Y

GB‘ Threshold

=2¢. —Vgs — gs \/ ZiNA (—2¢. +Vg) (for n-channel devices)
S

0oX

But we would like to have this in terms of V4 instead of V.

Since, Vgs =VggtVas

—
V
GS‘ Threshold

VT: B gox 20N
Y =2 ——> \/ D (- 2¢. +V4 ) (for p - channel devices)

GS‘ Threshold COX gs

=24, + és \/quA (26 —V4 ) (for n - channel devices)

Es
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MQOS Transistor: Deviations From Ideal

Body Effect (Substrate Biasing)

This can be rewritten in the following form (more convenient to reference the threshold
voltage to the Vzs=0 case).

V; (Pierret)

V, (Pierret)
where,
V204N 5 &5

Y=o Is known as the body effect parameter

0X

Vo, (Jaeger)=V., + 7 (\/(2¢F —VBS)—\/2¢F) (for n - channel devices)
V., (Jaeger)=V,, -y (J(2¢F +Vigs ) = /26 ) (for p - channel devices)
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MOS Transistor:
Enhancement Mode verses Depletion Mode MOSFET

We have been studying the “enhancement mode” MOSFET
(Metal-Oxide-Semiconductor Field Effect Transistor). It is called
“enhancement” because conduction occurs only after the channel
conductance is “improved” or “enhanced”. In this case,

V>0 and Vp<0

Transistors can be fabricated such that: V., <0and V,, >0

These transistors have conduction for V ;=0 due to a channel
already existing without the need to “invert the near surface
region”. To modulate currents, a field must applied to the gate that

depletes the channel. Thus, transistors of this nature are called
“Depletion mode MOSFETS”.
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MOS Transistor:
Enhancement Mode verses Depletion Mode MOSFET

n-channel MOSFET

4

S G D D

’_T All Vg >0
e
S / J

Enhancement mode

No channel
when Vg=0

S G D D g
-
...... < B y S
/ G J — 3
4
Channel S J a
when VG = O
»Vp
- e —_ W S e —
Structure Symbol Characteristics

MOSFET operational modes. V; = 0 channel status, circuit symbol, and /;,-V,,
characteristics of n-channel enhancement-mode and depletion-mode MOSFETs.

Georgia Tech
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MQOS Transistor:
Summary

4-Terminal 3-Terminal
Enhancement Depletion | Enhancement Depletion

(n-channel) ‘_l S _1 S :_1 S .

. D ) _TD ) D ) D
NMOS 0_1.:13 ¢ e o_rT &
¢y

D D D D
PMOS §_|Lio b §_|£<> s S
(p-channel) ‘—l s —l s '.1 s s

1

Jaeger uses the notation:
NMOS

K, =K, W_ u C,, VVfwhere W is the Gate Width (Z in Pierret)

L
PMOS

W

K, = K'p — = ;TP C Vlwhere W is the Gate Width (Z in Pierret)
L L
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MOS Transistor:

Summary

NMOS

PMOS

Regardless of Mode

K, =K, V% - u, C,, V% (Note: W = Zin Pierret)| K, =K, WT = ,u_p Cox WT (Note : W = Zin Pierret)
Cutoff
Linear 7TC VE ZucC Ve

n >~ ox _ :un 0X
los = a {(Ves —Viy )\/DS Ls} lp = —[(VGS ~Vip )‘/DS _ﬁ}
2 L 2

Ves Vo, and Vg =V 2V 20 Ves SV and  Ngg —Vip|2Vps[ 20

Saturation —

_VTN )2](1"' A VDS)

VDS 2VGs _VTN >0

Ves <Vip and

ZynCox[ Ves Vi Pt 2 Vo)

NDS‘ 2 ’VGS -

Vip|>0

Threshold Voltage

Vay =Vyo + 7 (205 +Ve) 29, )

VTP :VTO -

Y (\/(2¢F +VBS)_\/2¢F )

V; for Enhancement

Mode Vi >0 Vi, <0
V for Depletion
Mode Vi <0 Vi 20
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MOS Transistor:
Bias Circuitry-Enhancement Mode NMOS

Due to zero DC current flow in the gate, the bias analysis of a MOSFET
Is significantly easier than a BJT.

A R = 70k R3 = 100k B R 2 70k R3 = 100k
v ‘J“l “L’f BES" ‘JT: \f L s
T[)C:‘iD‘\/ TDC=1I:I\/ 7 TDC=1U‘\/
) ? Vin=1V ’ ’
R2 < 30k R R2 Z 30k
B B
0 0
C R 2 100k «Form Thevenin
circuits looking out
Rm MT: W | e the gate, drain, and
21k — e —
l e source
A * V4 ‘
T e=av
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MOS Transistor:
Bias Circuitry-Enhancement Mode NMOS

V =15Ry +Ves R3 100K
10V = 1 (R3+V ’
i lo M Tf: HIRRY:
*But 1;=0 so V=3V T 21k | S
«Assume Saturation operation (selected for 4 v o |
easy math because |55 does not depend on [oc=v
Vs since no y was given — y=0): J,D

. K. -
Ins :7[(VGS _VTN )2_ for Vs ZVGS _VTN >0

_6 .
o = %[(3—1)2_ ~ 504 A
Check V

10V = 50uA(L100K) + Vo,

Vg =9V >V =V =2V
*Assumption of Saturation operation was correct! If it were not correct simply
make another assumption (l.e. linear region) and resolve.
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MOS Transistor:
Bias Circuitry-Depletion Mode NMOS

*Bias circuit of a depletion mode device is much simpler due to the fact
that the device conducts drain current for V=0V

Vio ==V
y =0

K_ =200 U%Z

*\What value of R1 results in 100 uA drain current?

«Again Assuming saturation:

s :K“[ ~Vo) ]for Vpg 2 Vs — Vo 20
| e 2(100uA)
Vin 200uA/v2
R1= ————_=20KQ
|DS 100uA
Check V

10V = |, R1+V =100uA(20K)+V
=8V >V -V, =-2V - (-3V) =+1IV
«Assumption of Saturation operation was correct! If it were not correct simply
make another assumption (l.e. linear region) and resolve.
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PMOS Transistor:
Bias Circuitry-Enhancement Mode PMOS RSk

l\iﬂ% ka:’{

1.5 \IS)% R, 75 k“g D

Vgs ~ I

Rep + +
VTO - _1V A ! I ‘..').\ ‘JHFJC_) 10V
- oy 600 k0 G ‘l,“ N
"w@f‘\” Rp 275k ;
— 25 U:y , |
V

| !

+
Vop 10V

Georgia Tech

| Z,unCOX [ GS - ] 1+}“ NDS‘) sz [(VGS _VTP )2]

Ves <Vip and ’VDS‘ 2 ’VGS _VTP‘ 20

Veq :10Vﬂ:6v Reg =1IM [[1.5M = 600K
1.5M +1M

Vipp = 1sRg =V + 1gRg + Vg

K
VDD _VEQ = Rs 710[(\/@5 _VTP )2]_VGS

10—6:4:39,00025E_6

1)2 ] o VGS

VZ —0.051V —7.21=0 =V, =+2.710r —2.66V
25E — 6

(- 2.66+1)|= 34.4.A

lp =
Voo = IpRs =V + 1,R, =V, =—6.08V
Check V5,

Vos|>Nes =Vip| 20 = |-6.08>|-2.66 - (-1)|> 0
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MOS Transistor:
Bias Circuitry-possible Combinations

1) Vth_Base :VGS + IDS Rth_Source +Vth_Source
2 Rth_Drain é N
VDS :|

Kn
2) IDS - 2 [(VGS _VTN ’ 1+/1VDS )] or IDS = Kn|:(VGS _VTN )\/DS _7 Vth_Drain __—_
and optionally, Assume either saturated or lineaf/triode. RhBase M b
3) Vth_Drain :VDS + IDS (Rth_Source + Rth_Drain )+Vth_Source . Wy G | i_:

__L__ Vth_Base

*Always: Solve 1) for V5gand plug into 2). _
«In certain cases, Vs Will need to be eliminated by using Rih_Source §
3) solved for V5 and plugged into 2).

Vth_Source——

«Case A: Saturated, and A=0 and no source resistor — . T
only 1 and 2 required. Results in 15t order polynomial.

«Case B: Saturated, and A>0 and no source resistor — all

3 equations needed. Results in 15t order polynomial.

*Case C: Saturated, and A=0 and a source resistor — all 3

equations needed. Results in 2" order polynomial.

*Case D: Saturated, and A>0 and a source resistor —all 3

equations needed. Results in 3" order polynomial.

«Case E: Linear/Triode, with or without a source resistor

— all 3 equations needed. Results in 2" order

polynomial.
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Useful Formulas for DC Bias Solutions

If a 3" order polynomial results, try factoring it into a linear and quadratic term 1t If
this is not easy for your case, a longer but sure fire way is listed below.

Georgia Tech

QUADRATIC EQUATIONS

Any quadratic equation may be reduced to the form,-

ax’ + bx + ¢ =0

-b + \Vb? - 4dac
2a

Then

X =

If a, b, and ¢ are real then:

If b* — 4ac is positive, the roots are real and unequal;

If b% — 4acis zero, the roots are real and equal;

If b — 4ac is negative, the roots are imaginary and unequal.

CUBIC EQUATIONS

A cubic equation, p® + py? + gy + r = 0 may be reduced to the form,—

*+ax +b=0
by substituting for y the value, x — % . Here

a=1%403q - pHandb = & (2p° - 9pq + 27r).
For solution let,—
3 b b2 a! 3 b b! a)
A=1/—*2—+VT+E, B =- +?+1/T+'2—7'.
then the values of x will be given by,

x=A+B, —A;B+A;B\/-3, _";’B_"z;"x/-s.

If p, g, r are real, then:

b @l

If 2 + 37 > 0, there will be one real root and two conjugate complex roots;
bt a’

If T + 37 = 0, there will be three real roots of which at least two are equal;
b* a°

If vy + 77 < 0, there will be three real and unequal roots.
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