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Review

Consider a silicon pn junction at room temperature (where V7= 26 mV, n;= 1.5 x 10'%/cm3). The
p-side is doped with acceptor concentration A, = 10'7/cm3, and the n-side with donor
concentration Ny = 10'6/cm3.

(a) (30 pts) Write the formula for the built-in potential I/, and estimate its value (in volts).

(b) (30 pts) How does the depletion width W change when a reverse bias voltage V; is applied?
Briefly explain.

(c) (20 pts) Under forward bias, what is the primary origin of the diffusion capacitance?

(d) (20 pts) If the junction is under reverse bias, what type of capacitance dominates?
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® MOSFET
» Device Structure and Physical Operation
> Current-Voltage Characteristics

» MOSFET Circuits at DC

m Reading: SEDTRA/SMITH book pages 244-284
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MOSFET

m MOSFET: metal-oxide-semiconductor field effect transistor

m Typically
» Channel length: £ ~ 20 nm to 1 pm
» Channel width: W/~ 30 nm to 100 pm
> Oxide thickness: ¢,, ~ 1to 10 nm
° Source (S) Gate (G) Drain (D)

Oxide (Si0;) Metal
(Lh\)ckncas = ta)

N Channel o
" region n
e—1—A
Pp-type substrate

(Bo z‘

Body
(8)

Fig. Physical structure of the enhancement-type NMOS transistor: (a) perspective view; (b) cross section
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NMOSFET (NMOS)

EN-channel MOSFET

» Current conducted by es S

o

ntype 9
channel

m3 terminal device
> Source (S): n+ (heavily doped n-type)
> Drain (D): n+
> Gate (G): metal deposited on insulator above channel " in
ESubstrate (Body) is a 4t terminal
> Substrate is p-doped

Fig. Enhancement-type NMOS transistor with a positive
voltage applicd to the gate. An  channel is induced at the
top of the substrate beneath the gate.

mElectrons are induced in channel when a positive
gate voltage is applied

mElectrons moves from Source to Drain
» Current flows from D to S

y n channel is called inversion layer?
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Creating a Channel for Current Flow

B MOS is a capacitor across an insulator (oxide). When a positive voltage is applied at Gate,
electrons are induced under the gate.
m At threshold, sufficient number of electrons form a channel between Source and Drain,

+

forming a conductive channel. v T | .
. =G¢ . ;mem
m Total charge in the channel: =it v

IQI = Cox - WL(VGS = Vt) -
where Cpy = &,x/tox i OXide capacitance -
per unit area

p-1 substrate
> &, = 3.9¢,= 3.9 x8.854 x10"12 F/m
» W: gate width .

> L: gate length
>V, : Threshold voltage
» vgs — Vi = voy is called Overdrive Voltage

Induced n-channel

Fig. NMOS with vs> ¥, and with a small vy

—P=AL
ANRFSAEEBRAR

5/25
5 A 3 A
Current at Small v b
®When v,y = vgs — V; > 0, a channel is formed between f L
Source and Drain. £, oo ¢{n"
m Charge per unit channel length: : ;
ge p g P B

Induced n-channel

charge density = % = CoxWvoy

-type substrate.
m Electric field along the channel: }u

|E| = — Fig. An NMOS transistor with vgs > ¥, and with
I a small vjs applied.

ip, .

Slope = gps = kuVor

m Drain current = charge density x electron drift velocity:
Vps w ves = VitVors
ip = (CoxW o) <Vn T) = [ﬂncovaov] Ups
vas = VitVor:

m At small vy, the transistor behaves like a gate-controlled
variable resistor

vas = VitVon

ves< Vi

—
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aneFSAEESRAR Fig. iy, - vps characteristics of the MOSFET, when vy is kept small.
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Continued

EmTransconductance parameters:

Slope = gps = kuVor kep = pnCox

et K = kg (W /L) = i Cox W /L)
vos = VitVor EGate-controlled resistance

vas = Vit Von 1
A o
P P i Corx(W /L) (v6s — V)

0 Vbs

Fig. i), - vpg characteristics of the MOSFET in Fig. 5.3 when the
voltage applied between drain and source, Vs, s kept small.
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Triode Region (vps < voy )
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B As vy increases, the potential in the channel is no longer a constant.

m Assume the channel potential is v(x):
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I-V curve
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<— Triode 4'

(Vs =Vor)

Curve bends because |
the channel resistance

increases with vps |

Almostiastraightline |

with slope pmpmlmmu\ |

to Voy q |

|

0 Vossa = Vor Vbs

Fig. ip versus v for an enhancement-type NMOS transistor operated with vgs = Vit Vo
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Voltage,
3 :
o s
T 69{ ic=0 - Vas
€1 o
n-channel
e Voltags diop = Average = Vs k4
1 el k) along the channel g
0 |
iB }
|
= ;
i —— =
aVol f
o I
W 1 W 1, | !
ip = knT- (Vuv =5 1705) Ups= kn [(Vas = Vvps =5 Vbs ®
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"l
¥
i B 4
u - vos= Ve
A ¥
e 0 z L Dr
Voltage drop 2 Avenge= ¥ or
o
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B The channel potential at the drain side is vps.

B When vps=v,y, the local charge density at the drain
becomes zero.

B So the channel is pinched off near the Drain.

® Once the channel is pinched off, the drain current
remains constant:
w

ip = EkﬁTng
W This region, vps>vyy , is called Saturation
Upssat = Vov = Ves — V¢

1w
ip = Ek;lT(UGS_ V)?
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Saturation Region (vpg

>voy)
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Curve bends because
the ct

increases with vpg

Almost a straight line
with slope pr O]mlllon‘l]_\

to Voy p

annel resistance

<— Triode —>|

0

Saturation

(vps = Vo) (vos = Voy)
| Current saturates because the
| channel is pinched off at the
| drain end, and vps no longer
| affects the channel.
| Vos= V,+ ¥
|

Vossat = Vor Vbs

Fig. ip versus v for an enhancement-type NMOS transistor operated with v = Vit oy
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I-V Curves of NMOS

] W 19
lp = knT VovVps _EVDS

Vps = Vor

I
«— Triode__y ¢

i [ Saturation region —
|

region

1, W 2
Ten W ol === === —— Vs = VitVora

Vps = Vo
1.2
ip=3ku s i 1 , w 2
%k;r(%)l/zo!’j ______ vas = VatVors lp = E nTVOV

10 W2
SV Bl | 65 = VartVon

1,0 W2
ATV om

2 el vgs = Vit Von

0 VonVor Vors Vow Vos< Va(Cutoff)

f— Fig. ij, - vpg characteristic for an enhancement-type NMOS transistor.
—e=A g. ij, - vps characteristic for an enhan P msistor. 13125
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PMOSFET (PMOS)
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W P-channel MOSFET
» Current conducted by holes
m 3 terminal device
> Source (S): p+ (heavily p-type)
» Drain (D): p+
> Gate (G): metal deposited on insulator above channel
W Substrate (called Body) is a 4t terminal
> Substrate is n-doped
B Holes is induced in channel when a negative gate
voltage is applied
m Holes moves from Source to Drain
» Current flows from S to D

N G D
12 14
e St
L
.
=
vos I g
G i =0
- D
st A
. &5
2 % P

induced p channel

n-type substrate

ig
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CMOS (Complementary MOS)

® CMOS is the prevalent IC technology today

m Since NMOS and PMOS are formed on oppositely doped substrates, one of the
transistor needs to be placed in a well

® PMOS is placed in an n well here.
B Alternatively, NMOS can be placed in p well

NMOS PMOS

p-type body

Fig. Cross section of a CMOS integrated circuit.
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Circuit Symbol for NMOS
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D
G o—I l«—o0 B G D—I %ﬂ B
s
(a) (b)
QO 4 terminal including 0O Modified circuit symbol with

> Body (Arrow pointing to arrow on source (Arrow

channel indicating indicating direction of
» substrate is p-type current flow)

m Note in NMOS
> Drain voltage > Source voltage
» Current always flows from Drain to Source
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Q Simplified circuit symbol
with body connected to
source (or when body
effect is unimportant)
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Relative Voltage Levels of NMOS

m V. threshold voltage of NMOS
|V, is usually fixed once a process (technology) is selected

Analog Circuit (e.g., linear amplifiers)
) = usually biased in Saturation region

v, Saturation

Vor | D Triode Digital circuit (e.g. inverter) and

power electronics (switch mode
power supply) use Triode region as
one of the states

Fig. The relative levels of the terminal voltages of the enhancement
NMOS transistor for operation in the triode region and in the
saturation region.
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Drain Current vs Gate Voltage

i | |n Saturation Region

ip = 2k Y (g5 — Ven)?
2 1L,

Vo5 Vs~ Vin

B To experimentally determine V;:

Vip % (Wes = Ven)

0 vor

Fig. vy characteristic of an NMOS transistor operating in the
saturation region.
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Finite 7, due to Channel length Modulation

mWhen vps = 1oy Source | Channel ! Drain
|
XS H o |
> Pinch-off happens |
- Vo a : ¢|/ Vos ~ Voy
i L-AL I AL (<—
| .
| |
| |
BWhen vy > vgy L 1
> Pinch-off point shifts to the source
1 w Fig. Increasing vpg beyond vy, causes the channel pinch-off point to
iD = Ek{'LT(VGS i th)z(l + ZJ]DS) Znh:::‘eflllf:glii (‘:;«‘X/L)fmm the drain, thus reducing the effective
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Output Resistance of MOSFET

m Early Voltage g

Saturation ~————>

TVm
1

Slope =

T

> V, early voltage, V, :%

> V, early voltage/length, process

dependent
Vy=ViL
® Output resistance of NMOS:
_[o]™ P o
= avDS]vcs constant = [Azk" 14 (Wgs = Ven) =,

Due to CLM, the output
resistance of MOSFET is not
infinite, but still a large value at
least for long-channel device.

{} m=AmL I
RNVFSHEEBRUR




Circuit Symbol of PMOS

S
€] %o B
D
)

(a)
m 4 terminal including
Body (Arrow pointing

D

S
GH%B
D
©

(b)

» Modified circuit symbol = Simplified circuit symbol
with arrow on source with body connected to
from channel (Arrow indicating source (or when the effect

indicating direction of current of the body on device
substrate is n-type flow) operation is unimportant)

= Note in PMOS
> Source voltage > Drain voltage
> Current always flows from Source to Drain
> Source is usually drawn on top so current flows downward (convention)
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PMOS I-V Equations
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<«— Triode —&— Saturation —
vso<vod I v 2lvorl

i

|

|

[vs6= [Vl Ivol

| Cutoff
|

vsg<|Vil
Ve

ip

Lo
SRV o

= hn
T s [vors| Vsp
£, Grivoy

m _Saturation Region

m _Triode Region

e 1 1
ip = ka (lvovl _EVSD)VSD
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Relative Voltage Levels of PMOS

m V,; threshold voltage of PMOS
m /,, is usually fixed once a process (technology) is selected

0 Digital circuit (e.g. inverter)
Vorly D Triode,——— and power electronics
(switch mode power supply)
use Triode region as one of
the states

" Analog Circuit (e.g.,
linear amplifiers) usually
biased in Saturation

Saturation

Fig. The relative levels of the terminal voltages of the enhancement-type PMOS region
transistor for operation in the triode region and in the saturation region.
a3 23/25
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Diode-Connected Transistor
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® With Gate connected to Drain, it becomes a 2-terminal device.
m This is called diode-connectedtransistor.
m In this configuration, the transistor is always in Saturation.

1w
; l " ip =Ek§.T(Vas—Vm)Z
Now i = ip, and v = v, thus
: 1 ’ w 2
v i=gkn v =Vin)

Replacing ky, W/L by k,, results in

1
i=5kn( = Vin)?
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Design problem:

Determine Rg and R such that the NMOS is biased at I = 0.2mA and V = 0.2V. The
NMOS has Vy, = 0.5V, u,C,, =400 pA /V2 L =0.5 pm and W = 15 pm. A=0.

Solution: Vop—Vp _1-02

4k0
Ip 02

Rp =

1 w o,
Ip = E.‘lncuxTVov

200 X x 400 xl—svg,,
2 0.5
Voy = 0.18V
Vos = Vi + Voy = 0.5+ 0.18 = 0.68 V

Vs—Vss  —068—(-1)

1.6 k0
B 0.2

Rs =

Vss=—1V
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