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Overview

« Reading
— S&S: Chapter 5.1~5.4
« Supplemental Reading

 Background

— We are now going to switch gears and look at a different of transistor device
called a MOSFET. Most modern ICs are built using these transistors. While
they are commonly used to implement digital circuits, we will look at their
analog characteristics and talk about how to build amplifiers equivalent to
ones built with BJTs.

We begin with the physical structure and a qualitative understanding of how
MOSFETs operate. We will derive some current-voltage equations for the
transistor. We will also use band diagrams to provide some theoretical rigor
to our initial qualitative understanding. Then, we will look at some non-ideal
characteristics of the transistor. Lastly, we will analyze the DC operation of
MOSFETSs.
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Enhancement-Type MOSFET

» Most widely used field effect transistor (enhancement type)
« Let's look at its structure and physical operation

Source (S) Gate (G) Drain (D)

Oxide (Si0;) MleI

__ Oxide (Si0,) Channel

region

p-type substrate
(Body)

p-type substrate
(Body)
Channel
region

_l_

Body
(B)

Drain region

— 3 terminal device like the BJT but different names

— Additional body (or bulk) terminal (generally at DC and not used for signals)
— No connection between the gate and drain/source (separated by oxide)

— Voltage on gate controls current flow between source and drain
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Device Operation

No gate voltage (v45 = 0)

Two back to back diodes both in reverse bias

no current flow between source and drain when voltage
between source and drain is applied (v,g >0)

There is a depletion region between the p (substrate)
and n* source and drain regions

Apply a voltage on v > 0

Wei

Positive potential on gate node pushes free holes away
from the region underneath the gate and leave behind a
negatively charged carrier depletion region

» transistor in depletion mode
As v increases, electrons start to gather at the surface
underneath the gate (onset of inversion)

When v is high enough, a n-type channel is induced

underneath the gate oxide with electrons supplied by the

n* source and drain regions

» This induced region is called an inversion layer (or channel)
and forms when vz5 > some threshold voltage V, and
current can flow between S & D

e Transistor is in inversion mode

* When Vpg =0, no current flows between source and drain

ES154 - Lecture 12

Gate electrode

Induced
n-type
channel

\

~__ /7 - > ~
p-type substrate

!
Depletion region

.

e e




Linear Operation

+ .
Ups (small) Ip =
Vgs = V, +34V

Vgs = V, +24V

Induced n-channel

Vgs = Vt+AV

p-type substrate

B Ves <=

v <<

L Vps (small)

«  With v large enough to induce a channel, apply a small potential v,
— Causes current to flow between source and drain (electrons flow from source to drain)

— Magnitude of i, depends on density of electrons in channel which depends on v
(larger v = higher density of electrons)

— Conductance of channel is proportional to v ¢-V, (called excess gate voltage or
effective voltage or gate overdrive)

— Current is proportional to v¢-V, and v,4 that causes current to flow
— i-v curve shows the transistor operates like a voltage-controlled linear resistor
* Notice i, =igand i; = 0 due to the gate oxide
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Triode to Saturation Region

ip A
—==— Triode +|-(— Saturation ——>=
J
Ups < Ugs — \‘:| Ups = vgs — V,
Curve bends because | \ . | I
Current saturates because the
the channel resistance | ot e e ey
s ith channel is pinched off at the
increases with vy, | ; :
n-channel drain end, and vps no longer
: affects the channel.
Almost a straight line —_| |
" iy — . M~
p-lype substrate with slope proportional to |
(U V) | Vv
B |
: -
= 0 Upssa = Ygs — Vi Ups

* Assume v is at a constant value > V, and increase v¢

— Vpg appears as a voltage drop across the channel and at different points along the
channel, the voltage is different

— Voltages between the gate and points along the channel are also different ranging from
Vs at the source to v¢-v, < at the drain

* Induced channel is a function of voltage across the oxide at the different points and so channel
depth varies across the length of the transistor

— i-v curve bends over as v, increases due to the smaller channel depth
— At vpg = vgs-V, channel depth is almost zero at the drain side

« Current stays flat for higher voltages v,s > vg5-V;

+ The transistor is said to now operate in the saturation region (not to be confused with the
saturation region in BJTs)
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Saturation Region

in A

—-<— Triode —3'-:-% Saturation ———>

Ups < Ugs — Vi | Ups = Ugs — Vi
>= -
Vbs >= Vas - Vi . |
,/”’— Curve bends because .
- e charmel icsiatanas | Current saturates because the
source | channel drain e ene it | channel is pinched off at the
V increases with vy | )
DS drain end, and vpg no longer
: affects the channel.
Almost a straight line
. b . _‘\H\““H-.. I
.&\\--.--- with slope proportional to |
Vps = 0 (vgs V) | UGS !
!
0 Upssa = Vs — Vi Ups

* As y,gincreases, the channel gets smaller and smaller on the drain side until v, = v -V,
at which point the channel is said to be pinched off

— Increasing v,4 beyond this point as little (ideally no) effect on the channel shape
— Current remains constant and said to saturate
— Transistor enters saturation at v,¢ ., = Vos— V,
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Deriving the iy-vpg Relationship

—»I dx I-q—

Source

Channel .
> Velocity = -

]

| l‘('h;n'gu dg 1
| - I
| F - du(x) |

’ fa'f.\'

| R |
| | |-v(x) | » Voltage
0 —)rl :F‘E{ & Ups
| Ul ]
| L1 | >
0 L .

«  First consider the linear (triode) region of operation v g < vg5- V, (Vgs > V, is assumed)
— Consider a point along the channel of infinitesimal width dx at x and voltage v(x)
— The electron charge at this point is:
dCI(x) = _Codox[vGS - v(x)— Vz]
where C_, is the parallel-plate cap formed by the gate electrode and channel

CO.X = gox
tox
— Vpg produces as electric field along the channel (in the negative x direction)
E(x) — _dv_(x)
dx
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» The electric field causes electron charge dq(x) to drift with a velocity dx/dt

dx dv(x)
e Ex)= g 22
R s

— Where g, is the electron mobility in the channel
— Current is the movement of charge and so...
dx

iD = _dq(x)E = /uncodox[VGS - v(x)_ I/t]

dv(x)
dx
« Rearrange the equation and integrate along the length of the channel

iDdx = /un Codox[vGS o V(X)_ I/t ]dV(X) IZ> J;)L iDdx = J:DS lun Codox[vGS - V(X)— I/t ]dV(X)

— Gives the current in the linear (triode) region:

: /4 1
ip=p,C, f[(vcs -V, )VDS _EVDSQ:I
— When vpg=vgs-V; we get the saturation current equation

o1 w
lD = _luncox Z(VGS -

: 2
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nMOS and pMOS

NMOS PMOS

S G D D G

Gate N
oxide Polysilicon

\ \

n well

p-type body

« We've just seen how current flows in nMOS devices. A complementary version
of the nMOS device is a pMOS shown above

— pMOS operation and current equations are the same except current is due
to drift of holes

— The mobility of holes (u,) is lower than the mobility of electrons ()
— Current is lower in pMOS devices given the same dimension and voltages.
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MOSFET Band Diagrams

* A more rigorous look at MOSFETSs requires us to again use band diagrams
— energy diagram drawn relative to the vacuum level at equilibrium (no voltage applied)
— metal work function, @,,, energy required to completely free an electron from the metal
— electron affinity, X, is the energy between the conduction band and vacuum level

VVacuum Level
A A

X

Y

metal semiconductor

oxide
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Block Charge diagram

* Provides information about the charge distribution inside a MOS structure
— no charges at equilibrium

— when bias is applied, charge appears within the metal and semiconductor at
the interfaces to the oxide

» voltage drop across the oxide and there is an electric field due to the +Q and —Q
charge separated by the oxide

charge
+Q |7 [
position

M O S

 We will use band diagrams and block charge diagrams to better understand how
MOS devices work
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Applying Bias

 Look at a pMOS device and see how applying a bias on the gate affects the band
and block charge diagrams

— | Onset of +Q
—————- Accumulation ~ +Q [ Inversion 1 1
|\ (Vg >0) L ] (Vg =V,) _QJ
-Q
ols
/ Mjo]s
| oles
—_— Depletion +Q Inversion +Q
N————— (small V< 0) : (Vg < V) ,
e -Q l -QNI
N———— Mjo]s ols

\
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Circuit Symbols

NMOS or nFET pMQOS or pFET

| |

—HC
—HL O

-

We represent MOSFETs with the following symbols
— The book specifies nMOS vs. pMOS with arrows
— | will use bubbles b/c they are easier to distinguish quickly
» adigital circuit designers way of drawing symbols

* These are symmetric devices and so drain and source can be used
interchangeably
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I-v Characteristics

ip (mA) A
Ups = Vgs — Vi Ups = Vs — V,
 — Tr"?de SN Saturation region ——>
region /
f vgs =V, +4
D
lg = 0 ¢ +
—
e — . o Ugs = vf + 3
UGs -|- \L ls = Ip =
L 4
vgs =V, +2
| Ugs = V_, + I
9 Upg (\7)

Ugs = V; (cut Otf)
«  For small values of vpg, vps? is small and so near the origin, we can approximate
the transistor as a linear resistor

. w 1 . w .
ip=u,C, f[(vcs - Vt)"DS _EVDsz} - in=u,C, Z(VGS - Vz)VDS when v, is small

DS 4 B
- rDS E%:I:luncoxf(vGS _I/t):l
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« We can get a relationship between iy and vgg in (mA)A
when the transistor is in saturation -

- Let VGS-Vt = VDS

W LoV T
lD - EIUVZCOX T(VGS _I/t)z - lD ZEIUHCOX vasz — Ups = Ugs — V,

]
I

NS —

« MOSvs. BJT

— Current is quadratic with voltage in MOS vs.
exponential relationship in BJT
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Some Non-ldeal Characteristics

Channel-length modulation
Body effect
Velocity saturation

ES154 - Lecture 12

17



Wei

Channel-Length Modulation

Source Channel | Drain
|
I

id,j/ Ups — Upssat
|
|

|
|-1 L »I -
|

Like the Early effect in BJTs, there is an effect in MOSFETSs that causes drain
current to vary with v, in saturation (finite output resistance)
As vpg increases beyond vys,.s the pinch off point moves away from the drain
by AL and has the effect of changing the effective channel length in the
transistor

— Account for this effect with a (1+A4vg) term in the saturation current

equation
1 w

ip = Eluncox Z(VGS —V, )2 (l + /IVDS)
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in A

Triode —>

- o gy — V, = 2V
= ..:'_'.-_- -- B __ _: ___ vgs — V=1V

-V, = —1/\ 0 \ Ups
vgs — V, =0

« Channel-length modulation makes the output resistance in saturation finite

[aD 7" | w A
7'0 _|:8VDSj| - ro zl:i_luncox Z(VGS _I/t) :| Z[HD]

vgs =constant 2

=

o

Vi
]D
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Body Effect

So far, we have been ignoring the substrate (or bulk or body) of the transistor and assumed
that is it tied to the source. However, we cannot always make that assumption.

— Inintegrated circuits, body is common to many MOS transistors and channel is
connected to most negative (positive) supply for nMOS (pMOS) transistors.

The resulting reverse-bias voltage between the source and substrate affects device
operation.

— Reverse bias will widen the depletion region and reduces channel depth — which can
be modeled as changing the threshold voltage

V, =V +7428, Ve +/26, |

where V,, is the threshold voltage when V=0, ff is a physical parameter, yis a

fabrication-process parameter...
\/ 2qNAgs

C

oxX

7/:

v is typically 0.5-V1/2
As Vg increases, V, increases which affects the transistor’s i-v characteristics

Wei
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Temperature Effects

Vi and mobility 4, , are sensitive to temperature
— V, decreases by 2-mV for every 1°C rise in temperature
— mobility 4, , decreases with temperature
Overall, increase in temperature results in lower drain currents
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Velocity Saturation

So far, the saturation current equation is quadratic with overdrive voltage
(vgs-V) and said to obey the “square law” which is valid for long channel length
(>1-um) devices

As transistor dimensions decrease, gate oxide gets thinner and there is a higher
vertical electrical field that the electrons moving through the channel experience

— Causes electrons to bounce up to the oxide (more scattering) and saturates

the velocity at which current flows across the channel

Can approximate the effect of velocity saturation with the following power-
law equation for saturation current

1 /4 o
iy=—u,C —(v—V,
D zlun ox L ( GS t)
a ranges from 1 to 2 depending on process technology (transistor length)

This approximation is not rigorous, but convenient to use. More accurate
models of the velocity saturation equation can be found in the literature

Wei
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Depletion-type MOSFETSs

ip (MA) A ip (mA) A
. / Depletion Enhancement
Triode | . . mode mode
S l Saturation region ———— >
;eyun / ps = vgs — V;
ps = vgs — V, /
vgs = 2V (V, +6)
;\
ns = Vs — V,
Ups GS i s = s — V
Ugs = 1V (V, + 5) ! 3 '
Ipss vgs =0V (V, +4)
vgs = — 1V (V, +3)
vgs = =2V (V. +2) >
-4 -3 -2 -1 0 1 2 .
| I 1 I 1 I 1 Uos = —3 V_____ (V. + I vgs (V)
8 10 12 14 s (V) Vi

Ugs = —4 V (V)

* Depletion-type MOSFETSs have a channel implant and has a channel with zero
Vgs (symbol is drawn with channel)

— must apply negative vzg to “turn off’ device

Wei ES154 - Lecture 12 23



MOSFETs at DC Examples

Example 5.1~3
«  Current Mirror Example
— What is vgg?
— How is I, related to Iggc?
— Whatis Iy vs. Vp?

D
Ol <
SRC
| | V
I+ I b
Vas
v v

Wei ES154 - Lecture 12

24



« Example 5.2
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« Example 5.3
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« Current Mirror Example
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