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On the other hand, Impurity density is  cm−

Diamond Structure
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Eg(Si) = 1.12 eV 
Eg(Ge) = 0.66 eV 
Eg(GaAs)=1.42 eV 
kT/q ~ 25 meV @

Eg

Band Structure

metal semiconductor

insulator
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Carrier density of Intrinsic semiconductor

Intrinsic carrier density : 

 

ni = n = p ≈1010  cm−3 @300K

∝ exp −Eg2kT
% 
& 
' ( 

) 
* Intrinsic semiconductor: 

No impurity in the semiconductor 
not p-type nor n-type

x =

EF:Fermi Energy 
average energy of carrier 
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n = ni exp
EF − Ei( )

2kT
# 

$ 
% 

& 

' 
( 

p = ni exp
Ei − EF( )

2kT
# 

$ 
% 

& 

' 
( 

 

Ei

 

Ei :  Fermi Level of the Intrinsic
  Semiconductor

np = ni
2 mass action law 

(  
? à )

Carrier density of Extrinsic semiconductor
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q, m tf

E

vdrift = µE  - - -  drift velocity

µ =
qtf
2m

     - - -  mobility

t f = mean free time, E = electric field

 

f = m⋅ a

δx =
1
2
a⋅ t f

2 =
f
2m

t f
2

∴vdrift =
δx
t f

=
f ⋅ t f
2m

f = q⋅ E

∴vdrift =
q⋅ t f
2m

E = µ⋅ E

Drift 

Drift velocity is proportional to electric field.  
The constant of the proportionality is called mobility. 
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D=
kTtf
2m

 - - -  diffusion constant

k = Boltzman' s constant, vT = thermal velocity

（拡散）
Density N + ΔN N

N/2 + ΔN/2

N/2

x0

 

⋅vdiff =
ΔN
2
vT
1
N

⋅
dN
dx

≈
−ΔN
vT ⋅ t f

∴vdiff = −
1
2N

dN
dx

t f vT
2

1
2
mvT

2 =
1
2
kT

∴vdiff = −
kT⋅ t f
2m

1
N
dN
dx

= −D
1
N
dN
dx

dx~vt x tf 

If there is density difference in 
adjacent region, particles of ΔN/2 
will move vt in a unit time. Thus 
average velocity of the N 
particles will be

Diffusion velocity is proportional to 
density difference.  
The constant of the proportionality 
is called diffusion constant.
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N0

V

N

E

 

vdrift = vdiff
q ⋅ t f
2m

E = −
kT ⋅ t f
2m

1
N
dN
dx

1
N
dN
dx

= −
q ⋅ E
kT

 

∴N = N0e
−
q⋅V
kT

Boltzmann Distribution 

 

D =
kT ⋅ t f

2m
,  µ =

q ⋅ t f
2m

∴D =
kT
q

µ    −−−  Einstein relation

Density distribution of 
particles of average 
energy qV.

D µ

in equilibrium
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Band structure

Drift
Diffusion
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p� n�V�I�

順方向(Forward)バイアス� 逆方向(Reverse)バイアス�

p� n�V�
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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. Space 

charge 

Electric field

Potential 

 

W =
2εSi(Vbi −Vbias)

qNB

≈ 36
Vbias[V ]

NB[1012cm−3]
 [µm]

εSi = Dielectric Constant of Si ≈  10-12  [F/cm]
Vbi = Builtin Potential ≈  0.7 [V]
q = electron charge
NB = Impurity Density of Lightly Doped Region

Depletion region

p-n junction
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 Characteristic of Ideal Diode

 

J = JS exp qV
kT

" 
# 
$ % 

& 
' −1" 

# 
$ 

% 
& 
' 

JS :  Saturation Current Density

 

JS

 

JS

Forward current: 
magnitude increases e(~2.7) times 
at every 25mV(=q/kT) @300K)

I ≈ IS exp q V − IR( )
kT

!

"
#

$

%
&

R :  Internal Resistance

at high current region
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MOS Capacitor (Vds=0) 
Accumulation (Vgs << Vth) 

Depletion (Vgs ~ Vth) 

Inversion (Vgs > Vth) 

Qm

Qs
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Capacitance	characteris�cs	of	a	
CMOS	capacitor.		

MOS Capacitor 

 

Cox =
εox
tox

=
3.9 × 8.85 ×10−12[F /m]

5[nm]
≈ 7 [ fF /µm2]

5µm

0.2µm

Transistor of W/L=5um/0.2um à 7 fF

	

Oxide thickness	

叉は	drain/sourceを接地した
場合	

drain/sourceがopenの場合	
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Vgs > Vth 

Linear : Vds < Vgs - Vth Saturated : Vds > Vgs - Vth 

Vgs < Vth, Cut Off Ids = 0 

MOS	Transistor	
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Linear Region : Vds < Vgs - Vth 

Saturated Region: Vds > Vgs - Vth 

 

Ids = β Vgs −Vth( )Vds −
Vds
2

2
$ 

% 
& 

' 

( 
) 

 

Ids = β
Vgs −Vth( )

2

2

Ids-Vds Curve 

 

β = µ ⋅Cox
W
L

$ 

% 
& 

' 

( 
)   - - -  Gain Factor

µ  - - -  Carrier mobility
           µn ≈ 3× µ p

Cut Off Region : Vgs < Vth 

 

Ids = 0

	

 

Vgs −Vth = ΔOV  - - -  Overdrive Voltage
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Linear Region :  

 

Ids =QN ⋅W ⋅ vdrift

vdrift = µ ⋅E,  E =
Vds
L

Ids = µ ⋅QN ⋅
W
L
⋅Vds

QN ≈ Cox Vgs −Vth( )
∴Ids = µ ⋅COX

W
L

& 

' 
( 

) 

* 
+ Vgs −Vth( )Vds

Vgs → Vgs −
Vds
2

∴Ids = β Vgs −Vth −
Vds
2

& 

' 
( 

) 

* 
+ ⋅Vds

  Ids = β Vgs −Vth( )Vds − Vds
2

2

. 

/ 
0 

1 

2 
3 

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

QN
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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).

 

Ids = β Vgs −Vth( )Vds −
Vds
2

2
$ 

% 
& 

' 

( 
) 

= β Vgs −Vth( ) Vgs −Vth( ) −
Vgs −Vth( )

2

2

$ 

% 

& 
& 

' 

( 

) 
) 

= β
Vgs −Vth( )

2

2
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Ids =
1
2

µ ⋅Cox
W
L

Vgs −Vth( )2

 

1
L
→

1
L − ΔL

≈
1
L

(1+
ΔL
L

) ≈ 1
L

(1+ λVds)         ΔL
L

= λVds
' 

( 
) 

* 

+ 
, 

∴Ids =
1
2

µ ⋅Cox
W
L

Vgs −Vth( )2
1+ λVds( )

 

gm = µ ⋅Cox
W
L

Vgs −Vth( ) 1+ λVds( )
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Ids =
1
2
β Vgs −Vth( )

2
1+ λVds( )

=
1
2
β Vgs −Vth( )

2
1+

Vds

VA

% 

& 
' 

( 

) 
* 

VA =
1
λ

:  Early Voltage
% 

& 
' 

( 

) 
* 

 

ro =
Vds +VA

Ids(sat)
≈

VA

Ids(sat)

 

Vds

 

Ids

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

 

gm =
∂Ids
∂Vgs Vds= const.

= β Vgs −Vth( )
= µ ⋅Cox

W
L

Vgs −Vth( )

Drain current in the saturated region is determined by the over 
drive voltage (Vgs-Vth). 

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

At small signal model, drain 

current becomes gm times Vgs.
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Operation below threshold voltage 

Sub-Threshold Region 
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NS = N0e
−
φS
kT

 

Nd = N0e
−
φd
kT
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Sub-Threshold Region 
（弱反転領域）

 

I = Is − Id

= I0e
qVgs
kT 1− e

−
qVds
kT

# 

$ 
% 

& 

' 
( ,    

kT
q

= 25mV(intrinsic substarate)

I = I0e
qκVgs
kT 1− e

−
qVds
kT

# 

$ 
% 

& 

' 
( ,    

kT
qκ

= 37mV(p or n substarate)

指数関数	
37 mV で e 倍 

n previous slide, we set Ids=0 
@ gs<Vth, but actually a small 
current will flow. From the 
Boltzman distribution
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How to extract the threshold voltage

ref.) 

a) Constant current method

Vth is defined as the gate voltage 
where Id becomes some 
constant value in linear region. 
Normally the constant value of 
  Id = (W/L) x 10-7 [A]  
is used. 
 simple 
 widely used in industry 
 depend on the constant value.

The gate voltage necessary to 
create the inversion layer is called 
the threshold voltage.	
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How to extract the threshold voltage (cont.)

b) Linear extrapolation method

Find	the	gate-voltage	axis	intercept	(i.e.,	ID=0)	of	the	linear	extrapola�on	of	the	
ID–Vg	curve	at	its	maximum	slope	(gm)	point	in	linear	region.	(Then	subtract	Vd/2	
to	the	resul�ng	value.)	

Or,	from	ID0.5–Vg	curve	in	saturated	region.	

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

Ids = β
Vgs −Vth( )

2

2

Id = β Vgs0 −Vth( )Vds −
Vds
2

2
"

#
$

%

&
'= 0

∴Vth =Vgs0 −
Vds
2
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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. 
 
 
 
 
 
 
 
 
 

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

  Transconductance is defined as    

Ids = β Vgs −Vth( )Vds − Vds
2

2

$ 

% 
& 

' 

( 
)    Linear Region

Ids = β
Vgs −Vth( )2

2
     Saturation Region

β = µ ⋅Cox
W
L

+ 

, 
- 

. 

/ 
0   Gain Factor

+ 

, 
- 

. 

/ 
0 

 

gm =
∂Id
∂Vgs Vds= const.
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  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. 
 

   
 
 

 

I = I0e
qκVgs
kT 1− e

−
qVds
kT

$ 

% 
& 

' 

( 
) ,    

kT
qκ

= 37mV(p or n substarate)
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from http://homepage.mac.com/mosfet/cmos/region.html


