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3. Semiconductor
Devices
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Fig. 1 Typical range of conductivities for insulators, semiconductors, and conductors.
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Diamond Structure
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Eg%%*ﬁﬁ § Band Structure
EE I #-’EW ﬁtﬁﬁ"%w I insulator
metal semiconductor
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Eq(Si) = 1.12 eV
BEFHEE: ORBE. OBtk R FRIER Eg(Ge)=0.66 eV
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Eg(GaAs)=1.42 eV
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Carrier density of Intrinsic semiconductor

- — — Eg:Fermi Energy
average energy of carrier

) p=ni XxUThR—LEE

-
Cant

EA EA
{m T
Ec — N
Eyq
Ev Vo o S e
| mET N
N(E)
(a) (b)

n(E) and p (F)

(c) (d)

HEFEMFICBT S, () YV FE, (b) REEE, () 7o)\ IomEK,

(d) ¥xVT7TEE.

Intrinsic carrier density :

Intrinsic semiconductor:
No impurity in the semiconductor

(not p-type nor n-type)

=n=p=10" cm™ @300K

* eXP( / kT)



Carrier density of Extrinsic semiconductor

N(E) F(E) n(E)and p (E)
(a) (b) (c) (d)

nHEMLD (a) NV FR, (b) REBEE, () 7oV IoMmELE, d) V) T7HE.
np=ns ThH>I LILEER.

E.: Fermi Level of the Intrinsic

Semiconductor

— » 2 | mass action law
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BREN? > ZHERAI




P-n junction
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X=—at ==t
9) f f
N ox _ fot 7 Vain = MWE - -- drift velocity
drift tf - 2m qt
u=-—  --- mobility
st f=q E 2
t, = mean free time, E = electric field
q tf
Varig = om E=uwkE

Drift velocity is proportional to electric field.
The constant of the proportionality is called mobility.
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dx~v; X t;

Diffusion (H&#EX) ’ .
Density N + AN N
If there is density difference in NP
adjacent region, particles of AN/2
will move v, in a unit time. Thus ——F— N/2+ AN/2
average velocity of the N 0 ”
particles will be
AN 1
a - o TN = 2_’£ - - - diffusion constant
m
: dN ~ —AN k = Boltzman's constant, v; =thermal velocity
dx v; t,
1 dN , Diffusion velocity is proportional to
Vo = — Y ity di
diff ON dx 1T density difference.

1 1
Emvi = EkT FHRATBE

The constant of the proportionality
is called diffusion constant.

SV = — =
ot 2m N dx

N dx



DepdBE M 4l

2m o= 2m
s D= KT u ——— Einstein relation
q
Boltzmann Distribution
in equilibrium N
Varie = Vaifr N, .
Q°th=_kT°tf 1 dN “
2m 2m N dx
1aNv_ g E -
N dx kT v
@ Density distribution of
S N=Nge " particles of average
energy qV.
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Band structure Vbi:¥h B E L (Built In Potential)
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p—n junction and bias voltage
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One-sided abrupt junction

At p-n junction, one side is highly
doped than the other is called
one-side abrupt junction.

p-n junction RV EIZ AR,

(c)

Depletion region

1
2e .(V, =V V. [V ic fi

w o 1265V =Vou) _5¢ bmfz[ ] ) Eletric field

gN Ny[10"cm™] —&, :
¢, = Dielectric Constant of Si = 10" [F/cm] :
V,. = Builtin Potential =~ 0.7 [V] v Potential

Vbz’ : - N o

q = electron charge X
N, =Impurity Density of Lightly Doped Region I+/bz'

(d) 0 w
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Characteristic of Ideal Diode il
L N
V _|5 | | 1 | _(—) | | 1 | El) qV kT
sl s
\—5@73‘@

J : Saturation Current Density

10
Forward current:

magnitude increases e(~2.7) times 10

at every 25mV(=g/kT) (@300K) >
at high current region " w0
q(V —IRy 1
I =1 ex
S p( kT ]‘0_1 1 | | ] | | ] | 1 |
0 5 10
R : Internal Resistance gIVI/kT

(b)
BEREER-EERE. () BEEE oy b, (b)) ANEEEZETay b,



MOS Capacitor (Vds=0)
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Accumulation (Vo << Vi) v,

polysilicon gate

silicon dioxide insulator ® o

p-substrate

Depletion (Vs ~ Vi)

Vgs =Vt

3o

N

® ©

-— depletion region

(b)

s > Vi

Inversion (Vgs > Vin) v,

0000000000 @
RN - . o
ﬁ @ ¢ inversion region (n-type

depletion region

_

(©)
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Capacitance characteristics of a
CMOS capacitor.

MQOS Capacitor

1
| — X drain/sourceZ##ih L 1=

Low frequency i% ’éf

Accumulation Depletuon Inversion

_/“‘9“ frequency =——— drain/sourcehiopenNiIHS

Cmm L. T el ——
Crrax ] 1 L .
Ves bs = by Vix
Ve
C - g, —— Permittivity
) Sum . “ t_ ——— Oxide thickness
- _39x885x10™[F /m]
I 0.2um S[nm]

~7 [fF /um’]

Transistor of W/L=5um/0.2um = 7 fF
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MOS Transistor

Vgs < Vth, Cut Off Ids = 0

Vgs > Vth

Linear : Vds < Vgs - Vth

~

Vds

Vs < Vgs — Vi

A

(Nonsaturated Mode)

Saturated : Vds > Vgs - Vth

%7 .

— Vds

% Pinch-off

VdS > VQS = Vt

(Saturated Mode)
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Vge=Vyl = Vgl drain saturation

|ds-Vds Curve voltage
Ids \\\\\ \\\;/
\LINEAR
Cut Off Region : Vgs < Vth REGION SA;lég,log'Low .
Ids = O I Q -
Ly
ds |Vgsa|
Linear Region : Vds < Vgs - Vth
Vg
V2
I, = ﬁ[(Vgs ~V, )V - Zd} v,
: Vds
s
Saturated Region: Vds > Vgs - Vth Vsl
2
(Vgs _ V”‘) p=uCy L Gain Factor
Ids = [)) 2 L
u --- Carrier mobility
W, =3xu,

V.-V, =A,, --- Overdrive Voltage

21



Linear Region : 0 RERH
ljs=0yN W "Varift

7—r LR
1~

QN zCox(Vgs _Vth) DT

Sl = COX (%)(Vgs - Vth)Vds

V.
Vg —> Vo ——2
8 88 o)

(since average channel potential is not 0 but Vds/2.

VS
Sl gy = ﬁ(vgs =V - Td) Vs

Vi,
2

ly=P (Vgs - Vth)Vds -
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Saturated Region:

At Vds > Vgs — Vth, additional
voltage is applied between
pinch-off point and drain, so
there is no current increase.
Therefore Vds of linear region
is replaced with (Vgs-Vth).

[ 2
Ids=/3(vgs_vm)vds_vzds
V.-V
=/3(Vgs—vth)(vgs—vzh)_( - ) h)
C (Va-va)
=p-= 5

Vo (1) Ip

n*

Fx V*}b\&

TZHR
(a)

,Dl.!

Vo

=~y Va
P) / |

/ ]

2% iR, 0 Vou

(b)

Ip

Vo

0

()

B 15 MOSFET 0@kt I-ViHAFE (@) &EF L4 VRE,

Blts, R PREYFF7R%ERT, (c) fafe.

Vo

(b) fEfID
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Modulation of Channel Length

At saturated region we get 1 1%

-t c X (v, -v,)

but the channel length L will be changed due to the pinch—off.

1 AL
1. L+ oS4 AV N

2 .
ooy = l‘u .C K(Vgs — Vth) (1 + )Lvds) This slope corresponds to

the output resistance r, of
a transistor in the saturated
region.
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Early Voltage

V, = Early Voltage

Ly =

A}

BV -V, ) (1+ AV,

l\.)lr—*

\)

=BV, V)(l Vds) -

Vi
1
V. o=—-:
(A?»

l\.)lr—*

Early Voltage)

Output resistance

VeV,

Large Early Voltage
means better constant
current characteristic and
higher output resistance.

r

° 1, (sat) T . (sar)

\)
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Transconductance

Drain current in the saturated region is determined by the over

drive voltage (Vgs-Vth).

Transconductance (gm) is defined by the Alds/AVgs, and this
indicate the performance of the transistor.

_dl

=gy Go

8% Vds= const.
= (Vgs - Vth)

= U .Cox %(Vgs _Vth)

At small signal model, drain

current becomes gm times Vgs.

+ °D
Ves (V) 9mVes

S

MOS Tr /MEEETI/L
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Operation below threshold voltage

Sub-Threshold Region

Barrier

t2hh

BroKith

SRR SR

o

2%

R

TISTRANE

From other reservoir

e (h2-Hl +d) .
[=1e " , w=weight of a molecule
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1! Source n+ | Gate oxide t? Drain n+

Infrinsic substrate

-«

_$a
_ kT
N, =Ny
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102 2 25 HI|

Sub-Threshold Region Vds=2V
(35 /¥ pRlK) T

10-7

In previous slide, we set 1ds=0 b

@Vgs<Vth, but actually a small 10-°

current will flow. From the 10-9 1 1EB0BTE

Boltzman distribution _— 37mV Tef&

I = I - I 11 A ; . .

s 0d "4 o5 06 07 08 09 10

qVes Vs kT Vas

=[le " |1-e T |, — =25mV(intrinsic substarate)
q

g_is large in the sub—threshold

* region but Ids is very small.

qkV,

gs 4V kT
[=1e * (1 —e M ), — = 37mV(p or n substarate)
qK
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How to extract the threshold voltage

The gate voltage necessary to 107 | ieonstant curtsnt istiod <170
create the inversion layer is called 10° I
the threshold voltage. |77 ; _
1095 : L 50
a) Constant current method ~ 107 -
< - 40 <
~ =
Vth is defined as the gate voltage T 10 - V,=10mv 30 -
where |d becomes some 9 -
ST : 10+ 3
constant value in linear region. _ 0
Normally the constant value of 1010 VrloaViatlsSs FD
Id = (W/L) x 107 [A] wod AL 1)
IS used. 0.0 0.5 1.0 1.5

*simple
*widely used in industry
edepend on the constant value.

ref.) A. Ortiz—Conde, et al., 'A review of recent MOSFET threshold voltage
extraction methods’, Microelectronics Reliability 42 (2002) 583-596. 30



How to extract the threshold voltage (cont.)

b) Linear extrapolation method

Find the gate-voltage axis intercept (i.e., 1,=0) of the linear extrapolation of the

|,—Vg curve at its maximum slope (gm) point in linear region. (Then subtract Vd/2
to the resulting value.)

Or, from 1,°>-Vg curve in saturated region.

Drawback of this method is that the maximum slope point might be uncertain.

60 A 1 A L A L " 1 A 1 A L A 1 A 1 A L A 1
Linear Extrapolation (LE) method / V2 Linear Extrapolation (LE) method in saturation /4
Measured data /' & I = /3 (V -V )V ——4 =0 0.04 - Measured data / !
& — - Linear extrapolation d 850 th) "d. 2 ’ =~ e« Linear extrapolation
1 s I 6 V,=0.41V
- Vv
S Vi = Vo — S 4
&S <
40 4 10 A - 0034 o
*
— 2 1
- . -5 ]
3 30 - e "
Q w
0.02 - 0.3
— 0 O~Q
20 -
0.01 -
10 4 - 2
Maximum slope (Vgs — ‘/th )
vo=1o mV at VG=O.79V Ids ] ﬁ
0 — 2 0.00 —T ] S
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0



Summary

« MOS capacitance is divided to 3 different regions depend on
gate voltage; Accumulation, Depletion, Inversion regions.

» Operation of MOS Transistor is divided to Cut Off, Linear,
Saturation Regions depend on gate voltage and drain voltage.

2
Lis = B{(Ves = Vi)V - V; Linear Region

(Vi - Vt,,l)2
2

([5 =u-C,, (%) Gain Factor)

[,,=p0 Saturation Region

« NMOS has 2~3 times larger gain factor 3 than PMOS.

* Transconductance is defined as _adl,

g m
3V,

Vds= const.
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e Sub-Threshold region
In digital circuit this region is assumed that there is no drain current,
but actually small current will flow. This region is sometime used for
low-power analog circuit.

qKV g Vs kT
*I=le " [1-e ¥ |, — =37mV(p or n substarate)
qgK
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7 AJER TR ARG REE

R Ids = 1/2 uCox W/L (Vgs — Vth)* (1 + A Vds)
ShEss
Vs o AREE / .
S
RN AEIE &
S8R ERsE Qf‘
QI
A\

/ Vth

A& T 7 AL w3l FiEE
FL A VERDIZEAERNGZUVEE
Ids ~ 0

>
/ Vgs

A% THRAZmEEL
Ids = 1 Cox W/L ( (Vgs — Vth) Vds — 1/2 Vds>)

/

Ids A\ Vgs D 1 REEEGDT [HRH

from http://homepage.mac.com/mosfet/cmos/region.html
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