Block D - Unit 2 Outline

= MOSFETS

> Schematic figure and Symbol
> Basic working principle and Operating modes
> Application to logic gates

= Bipolar transistors
> Construction
> Basic working principle and Operating modes
> Application to logic gates
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Classification of FETSs
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T FET: Field Effect Transistor

Enhancement MOS

G

p channel n channel MOSFET MEtaI Qdee

Depletion MOS

; ; Semiconductor FET

In contrast to diodes (2 terminals),

p channel n channel

JFET transistors are 3 terminal devices.
@ @ JFET: Junction FET

p channel n channel
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MOS Structure

Gate

i — Metal
' Oxide

\

—— Semiconductor

Schematic

Sandwich structure: Metal-Oxide-Semiconductor
Metal (Conductor)

Oxide (Insulator)

Semiconductor (Can be made to conductor or not)
Looks like a capacitor
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NMQOS Schematic and Symbol

Gate _
Source Drain Metal

Oxide
n-channel

P
Bulk (substrate)

Schematic

3 terminals: Gate (G), Source (S), Drain

NMOS: P-type semiconductor (bulk) that is n-doped at 2 regions to
form Sand D

\oltage at G controls current between S and D

Key feature: CHANNEL (n-channel for NMOS) and Drain Current

GO—
Semiconductor

Symbol
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NMQOS Schematic and Symbol

Gate _ 5
Source Drain Metal j

Oxide

n-channel

p

GO—
Semiconductor OS
Symbol

Bulk (substrate)
Schematic

Carriers from S move to D through the channel
NMOS: carriers are electrons = Current flows from
\oltage at G determines whether a channel forms under the gate
NO CHANNEL NO CURRENT (Device is OFF)
The only current we care is the DRAIN current (between
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Gate Current

D Gate

v

—— Oxide

Substrate

Bulk (substrate)

The gate current in a MOSFET is ideally zero:

Gate current sees a capacitor formed by the gate, oxide
(which is insulating), and substrate (conducting)
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NMOQOS is normally off

Reverse-biased

Bulk (substrate) —y

—l = |[WhenVg =0V, I, =0A

When no voltage is applied to the gate, no channel is formed
under the gate

Drain-Bulk n+p junction is strongly reverse-biased
Source-Bulk n+p junction is also reverse-biased
No conductive path between S and D: no current
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NMOS Operation

G
D

VGD

N-Channe

+
G O—

|5 Channel current
Bulk (substrate +*Ves- O
D ( ) S

Amount of current in the channel is controlled by the
voltage applied at the terminals (V55 and Vgp)

Device Is “switched on” (formation of a conducting
channel) by the voltage on the Gate
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Conducting channel in NMOS

Bulk (substrate)

NO CHANNEL NO CURRENT
Channel forms only when V¢ > V;

V; Is a parameter whose value depends on
the design of the MOSFET and the material

properties.

ID1

D ¢

=

For conduction to
occur, Vs > Vq
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Ve (tVve)

+ + + + + +|+ + + + + +

Formation of channel in NMOS

Initially when Vg < Vi

= The majority carriers in p-type silicon are
holes (positively charged)

¢ i—l—i—i—i—{—l—l—l— i —l— = Holes are repelled away from the surface at

the silicon-oxide interface

p-type substrate = The interface becomes depleted of majority
carriers
J__ = No conduction occurs between S and D
When Vg > V4

The minority carriers in p-type silicon are electrons (negatively charged)
Electrons are attracted towards the surface at the silicon-oxide interface
A narrow conducting n-type channel near this surface forms

Electrons from the source can now flow towards the drain resulting in a a
drain current I

Increasing VGS (while keeping Vs fixed) increases the concentration of
carriers, thereby increasing conduction

‘.1!
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Cutoff mode

The first mode we shall consider is when the device is off. This

IS known as Cutoff. As previously pointed out, this occurs when D
the threshold voltage has not been reached.

0
Cutoff Region “D
Ves <V, Vgp <Vy
As a result of this,
I, = 0A G O—
O
Cutoff Region S

= Vs and Vg both less than V-
= Channel is off at both source and drain
= No conduction and no current flow between S & D

£ EE2301: Block D Unit 2
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Triode mode

As mentioned previously, when the gate voltage exceeds the threshold
the MOS can conduct and therefore turns on. When it turns on, it can

operate in one of two possible regions. One of these 2 modes Is known D
as the triode or ohmic region. i o
- . . | Metal gate (0 d (Dmin
Triode/Ohmic Region s 3 M * I
VGS > VT’ VGD > VT n+ /n+ <
The drain current is given by: S
= K [2(V s = V) Vps = Vo2 | GO
p = K[2(Vgs = V1)Vps = Vps?] i )\
K Is known as the conductance parameter, and is defined as: K = (Vl\_/ J(”goxj S
: . : W: channel width
Triode/Ohmic Region L: channel length
= Both V55 and Vg are greater than V- L: mobility of carriers
= Channel is on at source and also on at drain C,x: Oxide capacitance

= Current is dependent of both V5 and V54
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MQOS In Triode mode

Near both the drain and source:

=\oltage difference > V-

= Conducting channel is formed
on both sides

In fact everywhere under the gate

oxide is larger than V; so there is

Bulk (substrate) a continuous channel between the
— drain and source.

= Increasing V5 thus increases the number of carriers, resulting in a larger drain
current

= Increase Vg increases the voltage drop across the channel, resulting in a larger
drain current

|5 Is dependent therefore on both V55 and V¢ (Refer to equation on previous slide)
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Saturation mode

While the MOS is still on, if we continue to increase Vg without increasing Vg,
there will come a point when the voltage near the drain becomes less than the
threshold (Vgp < V5). This is known as the saturation region.

D
Saturation Region - j
Ves > V1, Vep <V V lID
The drain current is given by: cb
ip = K (Vgs = Vy)? +
G O—

Saturation Regi

{J/ra |>0(1/ egion +VGs' o
" Vgs>Viand Vgp < Vi S

= Channel is on at source but off at drain
= Current is nearly independent of V55, depending only on Vg

= One might expect the MOS to operate like in cutoff under these bias
conditions but it does not.

£ EE2301: Block D Unit 2 14




‘.1!

NMQOS In Saturation

The channel in saturation mode is
typically represented as tapered or
wedged (as shown in the figure).
Large currents still conduct via the
channel due to the large voltage drop
across drain and source, but changes

Bulk (substrate) little with increasing V.

Pinch-off (going from triode to saturation)

The channel near the drain begins for fall below the threshold condition when
Vep =V

In terms of the drain-source voltage, this corresponds to:

Vps(pinch-off) = Vg - V4
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Summary of operating modes

Copyright®The McGraw-Hill Companies, Inc. Permission
or display.

= Cut-Off:
Vs <V Vgp <V7

= Linear/Triode/Ohmic:
VGS > VT, VGD> VT ‘ Region 3:

= Saturation:
Vgs >V, Vgp < Vg

For n-channel Vr

enhancement MOS Region 1: Region 2:

Cutoff Saturation
Power = |5V g

This sets a limit on the operating conditions
Too much power and the transistor burns out
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Operating Regions
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Drain curves for n-channel enhancement MOSFET; K = 0.0015, Vy=2
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Drain-source voltage, V
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p-Channel MOS (PMOQOS)

The PMOS operates on the same principle as the NMOS only that the charge carrier
types are reversed. As a consequence of this swap:

(1) Itis p-type conducting channel that is formed in an n-type bulk
(2) It requires a negative threshold voltage in order to form the channel
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NMOS vs PMOS

NMOS PMOS
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Applications of each mode
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Drain curves for n-channel enhancement MOSFET; K = 0.0015, Vy=2

7

VGs =3

/
/,

~/

<,
g
5
=
=
o
8
o
|
a

2 B -
Drain-source voltage, V
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CMQOS Gates

= Most MOSFET switches make use of CMOS
(Complementary MOS) technology

= Makes use of the complementary
characteristics of PMOS and NMOS

= Complementary: If the PMOS part is ON, then
the NMOQOS part must be OFF

= Easy to fabricate and require a single supply
voltage

€7) EE2301: Block D Unit 2
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CMOS Inverter (1)

ight @The McGraw-Hill C nies, |

PMOS source

connected to Vg

NMQOS source
connected to OV
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CMOS Inverter (2)

When v;, = 0V (Logic 0)
NMOS V¢ = 0V (OFF)
Open Circuit

PMOS V¢ = -5V (ON)
Closed Circuit
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CMOS Inverter (3)

Vpp = 5V

When v;, = 0V (Logic 0)
NMOS OFF
PMOS ON T Vou

Vour = 5V (Logic 1) /. NMOS OFF

I PMOS ON
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CMOS Inverter (4)

When v;, = 5V (Logic 1)
NMOS V¢ = 5V (ON)
Short Circuit

PMOS V¢ = 0V (OFF)
Open Circuit
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CMOS Inverter (5)

Vpp = 5V

When v;, = 5V (Logic 1)
PMOS OFF
NMOS ON Q

PMOS OFF T Vout

v..=0V (LogicO
out = OV (Logic 0) }_valos ON
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CMOS Inverter (6)

Vout

NMOS Input Is inverted
at the output
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Effect on Output

Pull Down Pull Up

—aoV — +5\V/

out

NMOS - PMOS
L _’Vout

Vi, = 1: NMOS is ON V., = 0: PMOS is ON
Switch Closes: V., . =0 Switch Closes: V.

out — out —

=1

Source is always connected to a fixed voltage: NMOS(0V), PMOS(5V)
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Simplified symbol for MOS

Gate —| NMOS Gate —O| PMOS

:l_ +5V

—d[ pmos Pull Up

Vin o—e 9 .VOUt

—{| NMos Pull Down

+
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CMOS Logic

CMOS logic gate

comprises 2 parts: PMOS
PMOS: Pull-Up > I ©
NMOS: Pull-Down CMOS

Important. When one part is on, the other must be off
Therefore no current flows in either low or high states

Power dissipated only during the state transition
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Complementary function

Vo = 5V

I PMOS ON

lp=0 l._O Vout

NMOS ON f NMOS OFF
1
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Example of a bad CMOS circuit

|s the complementary function satisfied?

Can you identify the problem state?
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Example of a bad CMOS circuit

Problem combination: A and B are complementary:
ie NOT(A) + B or A+ NOT(B)

— SV

Lo

Current shoots through
MOSFETSs burn out
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CMOS NAND and NOR gates

vgl Vg
Vi ol
~|[ L
]
V1 I Vour 32 d ] Vout
—L
V2 I

NAND gate — NOR gate —=

€7) EE2301: Block D Unit 2
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MQOS Concept Checklist 1

= Draw the symbol of a MOSFET and label the 3
terminals.

= What are the 3 terminals of a MOSFET?
= What is meant by the Threshold Voltage?

= For an NMQOS, what Is the condition required to turn on
the device?

€7) EE2301: Block D Unit 2

35




MQOS Concept Checklist 2

= \What is meant by Saturation mode? Condition?
= \What is meant by Linear/Triode/Ohmic mode?
= Which mode is used for amplifiers?

= \Which modes are used for switches?

€7) EE2301: Block D Unit 2
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MQOSFETSs for Amplifiers

Copyright@The McGraw-Hill Companies, Inc. Permission required for reproduction or display
r
7

-+

~’|r|\:f f'ig Ao <+> grn Vin rr'é ppm<t>

O ? o = 0 (@} - < O

(a) Current-controlled current source (b) Voltage-controlled voltage source
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Structure of BJT

3 sections alternately doped semiconductor NPN or PNP
Middle section always very thin: called the base (B)

Comprises three terminals (one for each section): emitter (E), base
(B) and collector (C)

Majority carriers move from Eto C

Copyright@The McGraw-Hill Companies, Inc. Permission required for reproduction or display

Collector Collector
{0 C

p n

BaseO— »n P

pt nt

Emitter  Circuit symbols Emitter  Circuit symbols

pinp transistor npn transistor
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Transistor: NPN vs PNP

PN PNP
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LLarge Signal Model

The BJT is also characterized by 3 operating regions. Note that each region takes on
a different means from that of the MOSFET.

For a BJT, we can think that the emitter current (I¢) is controlled by the base current
(Ig) and the voltage across the collector and emitter (Vg)

= Cut-off region
> BE junction is reverse-biased

= Linear active region
> BE junction is forward-biased (Vg = V., typically around 0.7V)
> BC junction is reverse-biased

= Saturation region

> BOTH BE and BC junctions are forward-biased (Vgg = V)
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Cutoff mode

In the cutoff mode, the pn junctions at both the emitter-base and collector-base
Interfaces are reverse biased. This is similar to having two back to back reverse
biased diodes, where it can be seen that no current can flow between the emitter
and collector terminals. As such, the transistor is simply off. There is also no
current flowing into the base in this mode.

To turn the transistor on, we must forward bias the base-emitter junction

iB

7

NN
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_Iinear active mode

The active region is characterized by a small base current greatly amplified to
give a much larger collector current, such that |5 <<'I~

=1t Is common to expression their relationship by a parameter symbolized by p:
| = Blg, where B is typically large in the active region (from 50 to above 400)

= As a result of this large current gain, we find that I ~ I

Holes in the base are \V/
injected into the emitter i
i

ﬁ.
N

SAN

NN

V7

|

Pl 5 % s % ™ S S S Y

i i WSS TS SS .
Electrons in the emitter ome of the emitter electrons recombine

are injected into the base in the base but most it is swept into the
collector
Large electric field across the junction sweeps electrons in the base into the collector

with minimal recombination occurring in the thin base layer.
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Saturation mode

The saturation region is characterized by low current gain between the base and
collector.

Base current is now larger Holes in the base are
due to hole injection into Vy VCB <0 aiso injected into the
the collector from the baseI I . I I ' I ' collector now

’
/
5
/’
]
A

[}

Potential gradient between collector and
emitter is greatly reduced since Ve <V,
(but still positive), having an effect on the
collector current

Accelerating electric field across the junction is now switched off. Electrons
diffuse into collector.
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Power Dissipation

Copyright@®The McGraw-Hill Companies, Inc. Permission required for reproduction or display

Collector Collector
i C

p 7

BaseO—l n p

pt nt

A P I
Emitter  Circuit symbols Emitter  Circuit symbols

pnp transistor npn transistor

Power = | Ve
This sets a limit on the operating conditions
Too much power and the transistor burns out
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Quick summary on BJT

= BJT: Bipolar junction transistor; also commonly
referred to as just bipolar transistor

= Current between C and E (I, Iz) controlled by
the base current (Ig)

= Bipolar: flow of both holes and electrons (for
MOQOS, either only holes OR electrons flow -
unipolar device)

€7) EE2301: Block D Unit 2
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BJT I-V Characteristic

: . BE forward-biased, CB reverse-biased
Both junctions are forward- e :
(amplifier operation)

b I ased ; VCE I S S mal I Copyright®The McGraw-Hill Companies, Inc. Perrnisl::n required for reproduction Er display
\ I | [ R

Aetive-testot Ig=275nA _
ation regl *,____ N | Ip=250

E=— ST = 20044
— — T Iy=d75 uA

13: 15 -
Ip = l%ﬁ-_
Iz = Y00 uA —
Is=f15 uA —

IS0 pA
Cutoff regior If=25 uA _

5 6 7 8 9 10 11/12 13 14 15
Vce, V

Breakdown region: Physical limit of
operation of the device

Both junctions are reverse-biased
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Applications of each mode
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50 J | 1

Aol Roed Ip=275 uA |
ation regjion — g =230

,-———-‘_: — 132225 WA ]

— [ | Ip =200 YA
— | Ip=175pA |

Ip =150 LA |
Ig=125uA~
Ip =100 uA =
Ig=T5pA —
Ip=50 pA _|
glor Ig=25pA _

7 8 9 10 11 12 13 14 15
Vee, V
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Transistors for Amplifiers

Copyright@The McGraw-Hill Companies, Inc. Permission required for reproduction or display
r
7

WA—O

o——
+

5 +
e &

O * & O

(b) Voltage-controlled voltage source

(c) Voltage-controlled current source (d) Current-controlled voltage source

MODE:
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Transistors as Switches

In Cut-Off:

Input: Vge <0.7V, I =0
Output: I-=0

No current thru’ terminals (C & E)

Equivalent to an OPENED Switch (OFF)
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Transistors as Switches

In Saturation:

Input: Vge =0.7V, Ig >0
Output: I >0 (Large), Ve = 0.2 V (Sat)

Large current thru’ terminals (C & E)

Equivalent to a CLOSED Switch (ON)
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Effect on Output

Pull Down
V

out

ON: Switch closed
ON:V,,=0

Pull Up
+5V

V

out

ON: Switch closed
ON:V,, =1
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RTL Gate

RTL: Resistor-Transistor Logic

+V_= 5V

Inverter

£ EE2301: Block D Unit 2



RTL Gates

Both transistors must be
ON for OQutto be 1

+6V

A Both A & B must be 1
INn order for Qut to be 1

g All other combinations of A
o & B will give Out =0

= AND gate

) EE2301: Block D Unit 2 >3




+6¥

RTL Gates

Both transistors must
be ON for Qutto be 0

Out Both A & B must be 1
INn order for Qut to be 0

All other combinations of
A& B will give Out =1

NAND gate

€7) EE2301: Block D Unit 2
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)]

RTL Gates

+6Y

Out =1 as long as
either transistor is ON

Out =1 as long as
eitherAorB=1

Out

OR gate

€7) EE2301: Block D Unit 2
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|

+6Y¥

RTL Gates

Out = 0 as long as

either transistor i1s ON
Out

Out =1 as long as

eitherAorB=1

NOR gate

€7) EE2301: Block D Unit 2
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