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集成电路器件和模型 

 pn结模型 
 BJT型晶体管模型 
 MOS型晶体管模型 
 MOS型与BJT型晶体管的比较 
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从双极型到MOS晶体管 

Ref.: Toshiba & ISSCC2009 
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SIA线路图  
Year Lmin Bits/chip Trans/chip Clock Wiring 

µm Gb/chip millions/chip MHz 
1995 0.35 0.064 4 300 4-5 
1998 0.25 0.256 7 450 5 
2001 0.18 1 13 600 5-6 
2004 0.13 4 25 800 6 
2007 0.09 16 50 1000 6-7 
2010 0.065 64 90 1100 7-8 
2013 0.045 
2016 0.032 
Semiconductor Industry Association 
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摩尔定律(The law of Moore)  
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使用不同特征尺寸的MPW价格 
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在深亚微米工艺下模拟设计的挑战 

Ref.: SNUG2004, San Jose 
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ISSCC 2009论文分布情况 
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混合信号“蛋壳” 

Ref.: SNUG2004, San Jose 

Digital

Video

Audio

Sensors

Comms
(Wireline/RF)

Storage

High speed digital
(PLL,DLL)Analog

Real
World



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-0110- 

符号说明 

iout

t
IOUT iOUT

iOUT

Iout

iOUT  total instantaneous value
IOUT  DC or average value
Iout    amplitude of AC value
iout    instantaneous value of AC component
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 pn结模型 
耗尽区宽度 
耗尽区电容 
击穿电压 
I-V关系曲线 
扩散电容 
小信号模型 
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pn结的剖面图和符号 

p+

n

SiO2

pn junction p–
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Bulk

A cross section of a pn junction.
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正偏pn结示意图：突变结 

0 V偏压条件下，pn结中内建电势为： 

其中，ni为本征载流子浓度： 

在300 K时，  

A D
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空间电荷密度 

由电中性原则知，耗尽区内： 

由泊松方程，当–Wp<x<0， 

其中     ，积分得： 

p A n DW N W N=

Charge density ρ

x
–qNA

qND–Wp
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电场强度 

第一个边界条件E(–Wp)=0，  
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静电势 

x

Potential V

V1

V2 Φ0–VD

–Wp Wn

Wd

第二个边界条件V(0)=0， 

令V(–Wp)=–V1， 

同理，从x=0到x=Wn的电压为V2， 
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耗尽区宽度 
pn结上的总静电势为： 
 

耗尽区总宽度： 

 

其中，p型区和n型区的宽度分别为：  
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例题1： 
 一个硅材料pn结的掺杂溶度NA=1016原子/cm3和 ND=1017

原子/cm3，在10 V反偏电压下，计算结的内建势和耗尽区
宽度。 

解：在300K时，内建势： 
 
 
 p型区的耗尽区宽度 
  
 
 
 
 n型区的耗尽区宽度 

16 17
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耗尽区内的固定电荷  

当NA>>ND时  

1 2
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耗尽电容 

其中， 
 
 
当NA>>ND时， 
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例题2： 
 一个硅材料pn结的掺杂溶度NA=1016原子/cm3和 ND=1017

原子/cm3，计算面积10 μm×10 μm的pn结在0 V偏压下的
耗尽电容？在3 V反偏电压下，pn结耗尽电容是多少？ 

解：0 V偏压下，面耗尽电容为， 
 
 
 
面积10 μm×10 μm的pn结的耗尽电容为31.6 fF 
3 V反偏电压下，耗尽电容为， 

19 12 17
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练习1：缓变pn结 
 缓变pn结的掺杂溶度梯度为a，请推导缓变pn结的空间电

荷和耗尽电容。 

Space charge density in a linearly 
graded pn junclian

0
–x0

x0 x

p region n region
ρ
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击穿电压 
耗尽区内的最大电场： 
 
 
当忽略Φ0， 
 
击穿时的临界电场为Ecrit，则击穿电压为： 
 
 

当NA>>ND时，   
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击穿电压反偏电流 
I (mA)

V (volts)

–BV

–25 –20 –15 –10 –5 5 10 15

1

2

3

4

–1

–2

–3

–4

Typical I-V characteristic of a junction diode showing avalanche breakdown

击穿电压附近的
反偏电流为： 

其中IR为pn结正
常反偏电流，M
为倍增因子，
n=3~6 

   

RA RI MI=
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1
nM

V
BV

=
− −  
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例题2： 
 一个硅材料pn结的掺杂溶度NA=1016原子/cm3和 ND=1017

原子/cm3，假设临界电场Ecrit=3×105 V/cm，计算击穿电
压。 

解：击穿电压： 
12

si A D 2 10
crit 19 17

A D

( ) 1.04 10 11 9 10
2q 2 1.6 10 10

32 V

ε N N
BV E

N N

−

−

+ × ×
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pn结中少数载流子分布图  
np(x) pn(x)

0 x0x

np(0)
pn(0)

np0

pn0

n sidep side

Electric 
field

Excess concentration 
of electrons

Excess concentration 
of holes

Impurity concentration profile for diffused pn junction
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p型和n型半导体中的少子浓度分别为：  
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非平衡少子的扩散 
非平衡少子与扩散的距离之间是指数关系： 
n型区的空穴： 
 
 
p型区的电子： 
 
 
其中Lp 和Ln分别是n型和p型中空穴和电子的扩散长度。  
  

D
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非平衡少子的扩散电流密度 
n型区的空穴： 
 
 
p型区的电子： 
 
 
 
其中，Dn和Dp分别是电子和空穴扩散系数 
pn结的总电流密度  
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I-V关系曲线   
横切面积为A的pn结电流： 
 
 
 
 
 
 
其中IS为pn结反向饱和电流，为常数。 
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非平衡少数载流子电荷 
n型区的空穴： 
 
 
 
p型区的电子： 

n
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扩散电容  

 重掺杂一侧少子的电荷存储可以忽略，假设n区重掺
杂，ND>>NA，扩散电荷Qd≈Qn：其中τT为二极管的渡
越时间   

D

T

2
n p pd i n

d
D D T A D
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n p p n

D D

AT
p n n p

D

d( )d q e ( )
d d
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pn结的小信号模型  

rd Cj Cd

The small-singal model for a junction. 
(a) forward bias. (b) reverse bias.

Cj

(a) (b)

D T
DD

s
d D T T

d1 e
d

V V II I
r V V V
= = ≈

正偏输出阻抗rd 

T
d

d

τC
r
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例题3： 
 二极管的渡越时间为100 pS，正向偏置电流为1 mA，问

其小信号输出阻抗和扩散电容分别是多少？ 
解： 
小信号是输出阻抗： 
 
 
 
扩散电容： 

= = =T
d

D

26 mV 26 Ω
1 mA

Vr
I

= = =T
d

d

100 pS 3.8 pF
26 

τC
r Ω
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 BJT型晶体管模型 
大信号工作原理 

正向工作区 
厄利效应 
饱和区和反向工作区 
击穿电压 
电流增益βF与工作条件的关系 

小信号模型 
低频小信号模型 
高频小信号模型 
模拟评价指标 

器件模型概要 

目录 
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BJT型晶体管的剖面图和符号 

Emitter

n+p+ p+n+

n– n– n–p

p–Substrate or bulk

n+Buried collector region Effective base region

SiO2 insulator (field oxide)
Collector

The base contact surrounds
the emitter contact to

minimize base resistance.

Metal

Base

A cross section of an npn bipolar-junction transistor.

B

C

E

VCE

IC

IE

VBC

VBE

IB
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npn型BJT晶体管的电流 

发射结正偏，集电结反偏 

n+ n+

Base

n– 

Emitter
VCE>0.3 V

VBE≈0.7 V

p 

Holes

Depletion region

Various components of the currents of an npn transistor.

WB

IB1
IB2

Electrons
Collector

IC
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少数载流子溶度分布图 

x=0 x=WB

Depletion 
region

np(x)

np(0)

pnE

pnE(0)

Depletion 
region

Carrier concentration

np(WB)
pnC

Emitter Base Collector
x

Carrier concentrations along the cross section

基区中耗尽区边缘的少数载流子浓度： 

BE

T
p p0(0) e

V
Vn n=

BC

T
p B p0( ) e 0

V
Vn W n= ≈
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集电极电流 
基区中电子引起的扩散电流密度： 
 

集电极电流： 
 
 
其中A为发射区面积， IS为基极-发射极结反向饱和电流 
 
 
QB(=WBNB)是基区中单位面积的掺杂原子数， 

p p
n n n

B

d ( ) (0)
q q

d
n x n

J D D
x W

= = −

BE BE

T Tp n p0
C n S

B B

(0) q
q e e

V V
V Vn AD n

I AD I
W W

= = =

2 2
n p0 n i n i

S
B B B B

q q qAD n AD n AD nI
W W N Q

= = =
2
i

p0
B

nn
N

=

     是电子平均扩散系数。 nD
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基极电流之一：复合电流 
基区中少数载流子电荷为： 
 
 
基极复合电流为： 
 
 
 
其中τb是基区中少数载流子的存活时间。  

e p B
1 (0) q
2

Q n W A=

BE

Tp B p0 Be
B1

b b b

(0) q q1 1 e
2 2

V
Vn W A n W AQI

τ τ τ
= = =
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由基区注入发射区的空穴所引起扩散电流的 ： 
 
 
 
 其中Lp是空穴在发射区的扩散长度，Dp是空穴的扩散

系数。pnE(0)是发射区耗尽层边缘的空穴浓度。 
 
基极总电流： 

基极电流之二：发射区的空穴电流  

BE BE

T T

2
p p p i

B2 nE nE0
p p p E

q q q
(0) e e

V V
V VAD AD AD nI p p

L L L N
= = =

BE

T

2
p0 B p i

B B1 B2
b p E

q q1 e
2

V
Vn W A AD nI I I

τ L N
 

= + = +  
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正向放大区的电流增益：   典型值为50~500 
 
 
 
 
 
发射极与基极和集电极电流关系： 

共射极电流增益 

n p0

C B
F 2 2

p0 B p pi B B BB

b p E b n n p E

q
1

q q1
2 2

AD n
I Wβ n W A AD Dn W W NI

τ L N τ D D L N

= = =
+ +

C C
E C B C

F F

( ) I II I I I
β α

 
= − + = − + = − 
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共基极电流增益 
C F

F T2
pB B BE F

F b n n p E

1 1
11 1 1

2

I βα α γDW W NI β
β τ D D L N

= − = = = ≈
+ + + +

基区输运系数： 
 
 
发射极注入效率： 

T 2
B

b n

1

1
2

α
W
τ D

=
+

p B B

n p E

1

1
γ D W N

D L N

=
+
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大信号模型 

B

VBE

IB C

E

βFIB

B

VBE(on)

IB C

E

βFIB

BE

TS
B

F

e
V
VII

β
=

(a) (b)

Large-signal models of npn transistors for use in bias calculations. 
(a) Circuit incorporating an input diode. 

(b) Simplified circuit with an input voltage source.
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pnp型BJT晶体管的大信号模型 

B

VBE

IB C

E

βFIB

B

VBE(on)

IB C

E

βFIB

BE

TS
B

F

e
V
VII

β

−

= −

(a) (b)

(a) pnp Bipolar transistor sign convention. (b),(c) Large-signal 
models of pnp transistors corresponding to npn transistors

B

C

E

VCE

IC

IE

VBC

VBE

IB

(c)
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厄利效应：(1) 

集电极电流： BE

T

2
n i

C
B

q e
V
VAD nI

Q
=

Initial 
depletion 

region

Carrier concentration

Emitter Base Collector
x

IC

IC+ΔIC

WB

ΔWB

Collector depletion
region widens due

to ΔVCE

Effect of increases in VCE on the collector depletion 
region and base width of a bipolar transistor.
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厄利效应：(2) 

对于一个均匀掺杂基区晶体管QB=WBNB，且VBE固定时  

BE

T

2
C Cn i B B

2
CE B CE B CE

q d de
d d

V
VI IAD n Q Q

V Q V Q V
∂

= − = −
∂

C C B

CE B CE

d
d

I I W
V W V
∂

= −
∂

1 2

B B

CE CB B
B 0 CB

C

d d
d d

2q 1 ( )

εW W
V V NN Φ V

N

 
 
 = =   

+ +  
   

si
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厄利电压 
1 2

B
B 0 CB

CC CE
A B B

C B

CE

2q 1 ( )
d
d

NN Φ V
NI VV W WI W ε

V

  
+ +  

  = = − = −  ∂
 ∂   

si

考虑厄利效应的集电极电流： 
BE

TCE
C S

A

1 e
V
VVI I

V
 

= +  
 

IC

VA

VBE4

VBE3

VBE2

VBE1

VCE

Bipolar transistor output characteristics showing the Early 
voltage, VA
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饱和区 

np(x)

np(0)

pnE

Carrier concentration

np(WB)
pnC

Emitter Base Collector x

Carrier concentrations in a saturated npn transistor. (Not to scale.)

IC

WB

np1(x)
np2(x)

发射结正偏，集电结正偏 



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-0149- 

反向放大区 

x=0 x=WB

np(x)
np(0)pnE

Carrier concentration

np(WB)

pnC

Emitter Base Collector x

Carrier concentrations in a reversed  npn transistor. (Not to scale.)

pnC(0)

发射结反偏，集电结正偏 
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截止区 

x=0 x=WB

np(x)
np(0)pnE

Carrier concentration

np(WB)

pnC

Emitter Base Collector x

Carrier concentrations in a cutoff  npn transistor. (Not to scale.)

pnC(0)

发射结反偏，集电结反偏 
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典型IC-VCE特性曲线图 

IB

IC

VCE

(a)

Saturation
region

1

2

3

4

5

–0.10

–0.08

–0.06

–0.04

–0.02
–2–4–6–8 40302010

VCE 
(volts)

IC (mA)

IB=0.01 mA

0.02 mA

0.03 mA

0.04 mA

IB=0

IB=0.04 mA

0.03 mA

0.02 mA

IB=0.01 mA

Forward active 
region

IB=0

BVCEO

Inverse active 
region

Saturation
region

(a) Test circuit. (b) Typical IC-VCE characteristics for an npn bipolar transistor. Note 
the different scales for positive and negative currents and voltages.

(b)



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-0152- 

饱和区大信号模型 

B

(a) npn
E

VBE(on) VCE(sat)

C

(b) pnp

B

E

VBE(on) VCE(sat)

C

Large-signal models for bipolar transistors in the saturation region.
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Ebers-Moll模型：(1) 
基区中集电极耗尽区边缘的少数载流子浓度： 

 

基极-集电极结正偏电流： 

基极-发射极结正偏电流： 

Ebers-Moll模型：正向/反向放大共基极电流增益αF,αR 
 
  

BC

T
p B p0( ) e

V
Vn W n=

BC

T
CR CS(e 1)

V
VI I= − −

BE

T
EF ES(e 1)

V
VI I= − −

BCBE

T T

BCBE

T T

C F ES CS

E ES R CS

(e 1) (e 1)

(e 1) (e 1)

VV
V V

VV
V V

I α I I

I I α I


= − − −




= − − + −
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Ebers-Moll模型：(2) 
在正向放大区，VBE为正，VBC为负，  
 
 
 
 

正向/反向放大区共射极电流增益： 
 
集电极电流： 
 
基极电流： 

R
R

R1
αβ
α

=
−

F
F

F1
αβ
α

=
−

BE

T
C F ES CS F E R CS CS

F E CS R F F E CO

(e 1) ( )
(1 )

V
VI α I I α I α I I

α I I α α α I I
= − + = − − +

= − + − = − +

BE

T

BE

T

C F ES CS

E ES R CS

(e 1)

(e 1)

V
V

V
V

I α I I

I I α I


= − +


 = − − −

CO C COF
B C E C

F F F F

1( ) I I IαI I I I
α α β α
−

= − + = − = −
CO CS R F(1 )I I α α= −
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共基击穿电压 

IE

IC

VCB

(a)

C F EI α I M= −

CB

CBO

1

1 ( )n
M V

BV

=
−

0.5

1.0

1.5

6020 8040 100

IC (mA)

IE=0

VCB 
(volts)

BVCBO

0

IE=1.5 mA

IE=1.0 mA

IE=0.5 mA

(b)

Common-base transistor connection. (a) Test circuit. (b) 
IC − VCB characteristics.
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共射与共基击穿电压的关系 

B C E( )I I I= − + F
C B

F1
MαI I

Mα
=

−

F

CEO

CBO

1
1 ( )n

α
BV
BV

=
−

CEO F
F

CBO F F

11n n
n

BV αα
BV β β

= − = ≈

CBO
CEO

F
n

BVBV
β

≈

令MαF=1，且VCB≈VCE ， 

βF和n典型为100和4 
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例题4： 
 BJT晶体管的集电极掺杂溶度远小于基极溶度，当集电极

溶度为2×1015原子/cm3，临界电场Ecrit=3×105 V/cm，
β=100和n=4，计算击穿电压BVCEO。 

解：因为NB>>NC， 
 

2 12 10
si crit

CBO 19 15
C

1.04 10 9 10 146 V
2q 2 1.6 10 2 10
ε EBV

N

−

−

× × ×
= = =

× × × ×

CBO
CEO 4

F

146 46 V
100n

BVBV
β

≈ = =
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电流增益βF与工作条件的关系  

100

200

300

100 μA1 μA 1 mA10 μA

βF 

IC 0

T=125 °C
400

0.1 μA 10 mA

T=25 °C

T=–55 °C

Region I Region II Region III

Typical curves of βF versus IC for an npn integrated-
circuit transistor with 6 μm2 emitter area.
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lnI-VBE关系 
ln I
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小信号模型  

Carrier concentration

Emitter Base Collector x

IC

Collector 
depletion 

region

Emitter depletion 
region

Qe

ΔQe

IC+ic

BE i

T
p p0(0) e

V v
Vn n
+

=

BE

T
p p0(0) e

V
Vn n=

VBE

vi

iB=IB+ib
iC=IC+ic

VCE

(a)

(b)

Effect of a small-signal input voltage applied to a bipolar transistor. (a) Circuit 
schematic. (b) Corresponding changes in carrier concentrations in the base when 

the device is in the forward-active region.



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-0161- 

低频小信号模型：(1) 

跨导 : 
 

小信号输入电阻: 
 

BE

Tc C CS C
m

be BE T T

e
V
Vi I I Ig

v V V V
∂

= = = =
∂ T

k
q
TV =

BE T
11 /

CSBE B
π

B BE BE

T T

B C m

( e )V VI βV Ir
I V V

V V ββ
I I g

−−
   ∂∂ ∂

= = =   ∂ ∂ ∂   

= = =

b

e

Cd gmvbe

c

vberπ ro

Basic bipolar transistor small-signal 
equivalent circuit.
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低频小信号模型：(2) 
基区中少数载流子存储电荷： 
 
 
 
其中τb是基区渡越时间: 

基区扩散电容： 

输出阻抗： 

 

    

BE

T

2 2
i B B

e p B C b C
B n

q1 (0) q e
2 2 2

V
VAn W WQ n W A I τ I

N D
= = ≈ =

2
B

b
n2

Wτ
D

=

e b C C
d b m b

BE BE T

d d( )
d d

Q τ I IC τ g τ
V V V

≈ = ≈ =

BE T

1
/ CE1 CS

CE C A A
o

C CE CE C

( e (1 ))V V VI
V I V Vr
I V V I

−

−
 ∂ +  ∂ ∂  = = = ≈ ∂ ∂ ∂  
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BJT晶体管的寄生参数 

p

n+

p p

Ccs

rc3

n

n rc1

n+rc2

Cμ

CjCj

Cμ

n+ re

rb

p

Ccs

Ccs

Base EmitterCollector

Buried layer

Substrate

Injected electron 
motion

Integrated-circuit npn bipolar transistor structure showing parasitic elements. 
(Not to scale.)
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高频小信号模型：(1) 

集基电阻rμ: 假设VBE恒定，基极电流IB=10IB1  
 

CE CE C C
μ o 0 o

B1 C B1 B

10 10V V I Ir r β r
I I I I

∂ ∂ ∂ ∂
= = = =

∂ ∂ ∂ ∂

b

e

c

rπ gmvb'e' ro

rb

Cπ

b'

vb'e'

Cμ

rμ

Ccs

rc

re

Complete bipolar transistor small-signal equivalent circuit.

c'

e'
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高频小信号模型：(2) 
正向偏置的基极-发射极结电容： 
其中Cj是基极-发射极结的耗尽电容 
 
 
 
基极-集电极结的耗尽电容：缓变结 
集电极-衬底结的耗尽电容： 
 
 
 
 
寄生电阻：rb， re 和rc  

π j dC C C= +

jbe0
j 1 2

BE

0BE

1

C
C

V
Φ

=
 
− 

 

jbc0
μ 1 3

CB

0BC

1

C
C

V
Φ

=
 
+ 

 

jsc0
cs 1 3

CS

0SC

1

C
C

V
Φ

=
 
+ 
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例题5： 
 计算双极型晶体管小信号参数。假设IC=1 mA, VCB=3 V, 

VCS=5 V, Cjbe0=10 fF, nbe=0.5, Φ0BE=0.9 V, Cjbc0=10 fF, 
nbc=0.3, Φ0BC=0.5 V, Cjsc0=20 fF, nsc=0.3, Φ0SC=0.65 V, 
β0=100, τb=10 ps, VA=20 V, rb=300 Ω, rc=50 Ω, re=5 Ω, 
rμ=10β0r0。 

解： 
 
 
 
 
基极-发射极结正偏，耗尽电容很难计算，估算Cj=20 fF。 
 

C
m

T

1 mA 38 mA/V
26 mV

Ig
V

= = = π
m

100 2.6 kΩ
38 mA/V

βr
g

= = =

A
o

C

20 V 20 kΩ
1 mA

Vr
I

= = =

d m b 38 mA/V  10 ps =0.38 pFC g τ= = ×

μ 0 o10 10 100 20 kΩ 20 MΩr β r= = × × =

π j d 0.4 pFC C C= + = μ 5.6 fFC = cs 10.5 fFC =
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模拟评价指标 
固有增益： 
 
 
 
跨导电流比： 
 
 
 
 
特征频率： 

C A A
i m o

T C T

I V VA g r
V I V

= = =

m

C T

1g
I V

=

m
T

π μ

1
2π

gf
C C

=
+
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高频小信号电流增益 

忽略ro、Ccs、rc ，忽略通过Cμ的电流，  
π

be i
π π μ1 ( )

rv i
r C C s

≈
+ +

m π
o m be i

π π μ1 ( )
g ri g v i

r C C s
≈ =

+ +

o 0 m

π μi π μ
0

m

( j2π )
j2π ( )1 j2π

i β gβ f C Ci f C Cβ f
g

= = ≈
+ +

+

ii

io

ii ioCcs

rcrb

rπ gmvbe rovbe

Cμ

Cπ

(a) (b)

(a)Schematic of ac circuit for measurement of fT. (b) Small-signal 
equivalent circuit for the calculation of fT.
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特征频率 

m
T

π μ

1
2π

gf
C C

=
+

fT

–3dB

|β(j2πf)|

logβ0

log1
fβ f

f

–45°

–90°

Φ[β(j2πf)]

Slope 1 or 
20 db/decade

Bode diagrams of current driven CE bipolar transistor with 
shorted output.

0

m T
β

0 π μ 0

1
2π

g ff
β C C β

= =
+

0

β

( j2π )
1 j

ββ f
f f

=
+
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fT与ICE的关系：理论上 
fT

IC0 0

τb

1/IC

j μ
kslope ( )
q
TC C+

(b)(a)

Unity-gain frequency fT versus current IC.

b

1
2πτ

j μ
b

k q( ) TC C
τ

+

τT

C
T

b C CfT

1
2π

If
τ I I

=
+

T
T b j μ

C

( )Vτ τ C C
I

= + += + T
CfT j μ

b

( )VI C C
τ
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fT与ICE的关系：实际上 

fT
GHz

IC
A sketch of transistor fT versus collector current, IC.
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例题6： 
 某双极型晶体管在IC1=0.25 mA和IC2=1 mA两种工作情况

下，在1 GHz频率点，输出短路的共射电流增益分别为8
和9，电容Cμ的测试值为10 fF， 假设Cj和τb是常数，计算
它们的值。 

解：在IC1=0.25 mA和IC2=1 mA两种工作情况下，特征频率             
分别为fT1=8 GHz, fT2= 9 GHz。 

b j μ
T1 C1

b j μ
T2 C2

1 k q( )
2π

1 k q( )
2π

Tτ C C
f I

Tτ C C
f I

 = + +

 = + +


j

b

18.2 fF

17 ps

C

τ

=


=
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器件模型概要：放大区直流参数 
BE

T
C Se

V
VI I=

T2
pB B A

b n n p D

1 1
11 1 1

2

βα α γDW W Nβ
β τ D D L N

= = = ≈
+ + + +

T
k 26 mV at 300 K
q
TV ≈ ≈

BE

TCE
C S

A

For more accuracy, 1 e
V
VVI I

V
 

= +  
 

2
n i

S
B

qAD nI
Q

= C
B

II
β

=

C C
E C B( 1)I II I β I

β α
 

= − + = − = − + 
 

p pC n D D

B p B A B A

2.5
L LI D N Nβ

I D W N W N
= ≈ ≈

T 2
B

b n

1

1
2

α
W
τ D

=
+ p B A

n p D

1

1
γ D W N

D L N

=
+
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器件模型概要：放大区小信号参数 

C
m

T

Ig
V

=

T
π

B m

V βr
I g

= = A
o

C

Vr
I

=

A
m o

T

Vg r
V

=

π j dC C C= +

jbe0
j 1 2

BE

0BE

1

C
C

V
Φ

=
 
− 

 

d m bC g τ=

jbc0
μ 1 3

CB

0BC

1

C
C

V
Φ

=
 
+ 

 

jsc0
cs 1 3

CS

0SC

1

C
C

V
Φ

=
 
+ 
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BE

T CE
C S

A

C
m

T

A
o

C

T
j μ

b
m

e 1

1 1
2π

V
V VI I

V
Ig
V

Vr
I

f C C
τ

g

 
= + 

 

=

=

=
+

+

“单页”BJT型晶体管模型 

-15
S 10  AI ≈

Anpn

Apnp

20 V

10 V

V

V

≈

≈

T =k /q 26 mVV T =当k=300 K时， 

或 scl

B2π
v

W
≈
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 MOS型晶体管模型 
MOS管 

MOS电容 
阈值电压 

大信号工作原理 
线性区 
强反型区 
弱反型区 
速度饱和区 

小信号模型 
低频小信号模型 

目录 
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目录 

高频小信号模型 
模拟评价指标 
器件模型概要 

MOS型与BJT型晶体管的比较 
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NMOS型晶体管的剖面图和符号 

n+ n+

p– Builk or substrate

Source Drain
Gate

Metal(Al)
Polysilicon

SiO2

G

D

S

B

VGS VBS

VDS

ID

A cross section of a typical n-channel transistor.

Bulk
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MOS型晶体管的尺寸参数 

n+ n+

p–

p+

W

L

VG

VSVB VD

Cbc

Cgc tox

td
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MOS型晶体管的版图 

p+

B S DG

p
n+

S D+G+

p

n+n+ n+

LM

WM
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MIS结构：电荷密度  
 耗尽层中的电荷体密度： 
 
 沟道中电荷面密度：QC 

 
 沟道和栅氧之间的表面缺陷

造成的电荷面密度：QSS  
 
 栅上电荷面密度：QG 
 
 电荷守恒：(面密度) 

Bqρ N= −

A d C SS Gq 0N t Q Q Q− + + + =

p– 

Substrate
VB VG

Depletion 
region

SiO2

–qNA

Charge density ρ

x

(a)

(b)

td

VC

Channel

QC

QSS

QGtc
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MIS结构：电场和静电势 
在耗尽层中，由泊松方程： 
 
 
 
 
 
边界条件：x=–td–tc时，E(x)=0  

B
d c

si

q( ) ( )NE x x t t
ε

−
= + +

2
B

2
si si

qd ( )
d

NV x ρ
x ε ε

= − =

B
1

si

qd ( )( )
d

NV xE x x C
x ε

 
= − = − + 

 

x

(c)

Electric field E

Emax

x

(d)

Potential V

VCB+|2ΦF|
VTH,GB

ΦMS

Eox
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MIS结构：静电势 

耗尽层静电势差： 
 
 
其中ΦS是反型层的表面势。 
当ΦS=–ΦF时，衬底反型形成沟道。耗尽层的宽度： 

B
d c

si

q d ( )( ) ( )N V xE x x t t
ε dx

= − + + = −

2
B

d c 2
si

q( ) ( )
2

N xV x t t x C
ε

 
= + + + 

 

2
dB

c d c S F CB
si

q( ) ( )
2
tNV t V t t Φ Φ V

ε
− − − − = = − +

1 2

si F CB
d

B

2 ( 2 )
q

ε Φ V
t

N
 +

=  
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耗尽电容和栅氧电容 
耗尽层中的电荷面密度： 
 
耗尽电容： 
 
其中Cj为单位面积的耗尽电容：  
 
栅氧电容： 
 
其中Cox为单位面积的栅氧电容：  

=j B dqQ N t

j si
bc j

CB d

d
d

Q εC WL WL WLC
V t

= = =

si
j

d

εC
t

=

gc oxC WLC=

ox
ox

ox

εC
t

=
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MIS结构：电容 

gc bc
gb

gc bc

gc bc

1
1 1

C C
C

C C
C C

= =
++

p– 

Substrate

VB

VG

Depletion 
region

SiO2

Cbc

Cgc

(a) (b)

C

VGB0

accumulation

depletion
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栅上的电荷面密度 
 耗尽区中的固定电荷面密度： 
 
 

  如果VC浮空或者耗尽层偏压VCB=0，耗尽区中的固定
电荷面密度： 

 

 当反型沟道层刚形成时，根据电荷守恒，栅上的电荷
面密度： 

j B d B si F CBq 2 (| 2 | )Q N t qN ε Φ V= − = − +

j0 B d B si Fq 2 (| 2 |)Q N t qN ε Φ= − = −

G j SSQ Q Q= − −
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VGB的阈值电压 
j SSG

TH,GB CB F MS CB F MS
ox ox

j0 j j0SS
CB F MS

ox ox ox

CB TH0 F CB F

2 2

     2

( | 2 | | 2 |)

Q QQV V Φ Φ V Φ Φ
C C
Q Q QQV Φ Φ
C C C

V V γ Φ V Φ

− −
= + + + = + + +

−
= + + − − −

= + + + −

j0 SS
TH0 F MS

ox ox

2
Q QV Φ Φ
C C

= + − −

B si bc
F CB

ox gc

2q
2 | 2 |

N ε Cγ Φ V
C C

= = +
体效应系数：  
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VGC的阈值电压 
j0 j j0SS

TH,GC TH,GB CB F MS
ox ox ox

TH0 F CB F

2

( | 2 | | 2 |)

Q Q QQV V V Φ Φ
C C C

V γ Φ V Φ

−
= − = + − − −

= + + −

jbc

gc ox F CB

1
2 | 2 |

CC γ
C C Φ V

n= = = −
+

耗尽电容与栅氧电容之比：  
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si
j

d

ox
ox

ox

j

ox

 

-1

εC
t
εC
t

C
n

C

=

=

=

MOST版图：Cox和Cj 

n+

S
G+

p

D+

td

Cj

Coxtox

B

n+
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-7 2 2
j 1 10  F/cm 1 fF/μmC ≈ × =

MOST版图：Cox和Cj的值 

DB

  / 80.35 μm
3.3 V

L
V
L W= =

=

d 0.11 μmt =

min
ox 50

Lt =

j

ox

-1 0.2n
C
C

≈=

例如： 

-7 2 2
ox 5 10  F/cm 5 fF/μmC = × =ox 7 nmt =

1 2

si F DBsi
j d

d B

2 ( 2 )
    

q
ε Φ VεC t

t N
 +

= =  
  17 -3

si

x

-19

o

B 4 1

1 pF

0  cm
2

/cm
0.34

0.6 V

q 1.

 pF/cm

6 10  C
F

ε

N
Φ

ε

= ×

=

×

=

=

=
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N阱CMOS工艺 

IOXIOX IOX

FOXFOX FOX

ALALALAL AL

p+p+n+n+

n-well

p-sub

IOXIOX

FOX FOX

栅氧 
多晶硅栅 Nn-well >> Np-sub，npmos>nnmos! 
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大信号工作原理：沟道的形成 
VG<<0

VD=0VS=0

n+ n+

p– substract
Depletion region

SiO2

Accumulation region

VG>>0
VD=0VS=0

n+ n+

p– substract
Depletion region

SiO2

Channel

VB=0

VB=0

(a)

(b)
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方块电阻：(1) 
n型半导体的电流密度： 

nn是单位体积中电子载流子的浓度，μn为电子迁移率。 

沟道中的电流： 

其中W为沟道宽度， 

H为沟道的厚度。 

=J σE n nqσ n μ= −

n nqI JWH n μ WHE= = −

H

L

Current flow
through unit

volume

Current flowing through a unit volume.

Unit volume

W

J
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方块电阻：(2) 
沟道中的电场强度： 

沟道中的电流：   

 

沟道总电阻： 

 

其中方块电阻： 

d
d
VE
x

= − n nq d dn μ WH V I x=

n nqn μ WHI V
L

=

n nq
V L LR R
I n μ WH W

= = =


= =


n n

1 1
q

R
n μ H σH

n n
dq
d
VI n μ WH
x

= n n0 0
d q d

L V
I x n μ WH V=∫ ∫



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-0195- 

大信号工作原理：线性区 

p+

VG>>VTH,GS

VD>0VS=0VB

n+ n+

p–

L

(b)

(a)

VCB

VDS

VSB

x
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I-V关系式：(1) 
 在MOS管中，沟道电荷密度nn(x)不是常数，单位面

积的电荷密度：  

n n ox GC TH,GC CB( ) q ( ) { ( ) [ ( )]}Q x n x H C V x V V x= = −

DS

D n ox GC TH,GC CB CS0 0
d { ( ) [ ( )]}d ( )

L V
I x Wμ C V x V V x V x= −∫ ∫

GC GS CS( ) ( )V x V V x= − CB CS SB( ) ( )V x V x V= +

TH,GC CB TH0 F CB F[ ( )] ( | 2 | ( ) | 2 |)V V x V γ Φ V x Φ= + + −

CS
D n n

d ( )( )
d

V xI Wμ Q x
x

=
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I-V关系式：(2) 
TH,GC CB TH,GS F CB F SB

CB SB
TH,GS

F CB F SB

CS
TH,GS TH,GS CS

F SB

[ ( )] ( | 2 | ( ) | 2 | )
( )                

| 2 | ( ) | 2 |
( )                ( 1) ( )

2 | 2 |

V V x V γ Φ V x Φ V
V x VV γ

Φ V x Φ V
V xV γ V n V x
Φ V

= + + − +

−
= +

+ + +

≈ + = + −
+

TH,GS TH0 F SB F( | 2 | | 2 |)V V γ Φ V Φ= + + −

F SB

1
2 | 2 |

γn
Φ V

= +
+

DS

D n ox GS TH,GS CS CS0 0
d { ( )}d ( )

L V
I x μ WC V V nV x V x= − −∫ ∫

2
DS

D n ox GS TH,GS DS( )
2

nVWI μ C V V V
L
 

= − − 
 

1.2 1.5n = 
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I-V关系式：(3) 

ID

VGS constant

Active 
region

Triode 
region

VDSsat VDS

The ID versus VDS curve for an ideal
MOS transistor. For VDS>VDSsat, ID is approximately constant.

2
DS

D n ox GS TH,GS DS( )
2

nVWI μ C V V V
L
 

= − − 
 

D n ox GS TH,GS DS( )WI μ C V V V
L

≈ −

2
D n ox GS TH,GS

1 ( )
2

WI μ C V V
n L

= −
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大信号工作原理：饱和区 

p+

VG>VTH,GS

VDS>VDSsat VS=0VB

n+ n+

p–
Depletion 

region
Pinch-off for 
VDS>VDSsat 

Lsat

ID

(b)

VCB

VDS

VSB

x

VDSsat

(a)
F DS DSsat2ΔL Φ V V∝ + −
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饱和条件和I-V关系式 
饱和条件： 

 

 

 

I-V关系式： 

GC TH,GC CB GS TH,GS CS( ) [ ( )] ( ) 0V x V V x V V nV x− = − − =

GS TH,GS
CS

V V
V

n
−

= GS TH,GS
DSsat eff

V V
V V

n
−

= =

2
D n ox GS TH,GS

1 ( )
2

WI μ C V V
n L

= −
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MOST的ID与VGS和VDS的关系 

高VDS使MOST进入饱和区 

饱和区 
线性区 

VGS 

VGS 

VGS 

VGS 

VDS = ct 

0 VDS

IDID

0 VGSVTH,GS
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0 VDS

ID

MOST的VDS与ID的关系 

=

−

=

on

GS TH,GS

1
( )

Wβ

R

β V

KP

V

L

> −DS GS TH,GSV V V

−GS TH,GSV V
n

线性电阻区 

饱和区 
线性区 

VGS–VTH,GS 
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沟道长度调制效应：(1) 
饱和时的沟道长度： 

 

 

 

 

定义厄利电压VA为： VE近似为常数  

satL L ΔL= −
1 2

si F DS DSsat

B

2 ( 2 )
q

ε Φ V V
ΔL

N
 + −

=  
 

2
D n ox GS TH,GS

1 ( )
2

WI μ C V V
n L

= −

2D D D
n ox GS TH,GS2

DS DS DS DS

1 ( )
2

I I IL W L Lμ C V V
V L V n L V L V
∂ ∂ ∂ ∂ ∂

= = − − =
∂ ∂ ∂ ∂ ∂

1 21
B F DS DSsatD

A
D DS DS si

q ( 2 )N Φ V VI LV L L
I V V ε

−
 + − ∂

= = =   ∂ ∂ ∂   

EV L=
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沟道长度调制效应：(2) 
沟道长度调制系数： 

 

 

沟道饱和电流 ：  

A E

1 1λ
V V L

= =

[ ]2
D n ox GS TH,GS DS DSsat

1 ( ) 1 ( )
2

WI μ C V V λ V V
n L

= − + −
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沟道长度调制效应：(3) 

ID

VDS

Triode 
region

Active or  
pinch-off region

Short-channel 
effects

VDSsat

Actual

Ideal

Increasing  
VGS

VGS>VTH,GS

ID versus VDS for different values of VGS.
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MOST的参数β、KP、Cox等 

Wβ KP
L

=

oxKP μC=

min
ox 50

Lt =

ox
ox

ox

εC
t

=

si

ox

2
p

2
n

-7 2
ox

o

2

x

2
p

n

1 pF/cm
0

125 μA/

5 10  F/cm

7 

V

300 μA/V

0.35 μ

.34 pF/cm

250 cm /Vs

600 c s

m
n

m

m

/V

ε
ε

μ

P

C

t

KP

μ

K

L

≈

≈

=

=

=

=

=

×

=

≈
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大信号工作原理：弱反型(亚阈值)区 

p型衬底中源端和漏端的少数载流子浓度： 
 
 
其中，np0是衬底中的平衡载流子浓度，ΦS是表面势。  

S

T
p p0(0) e

Φ
Vn n=

S DS

T
p p0( ) e

Φ V
Vn L n
−

=

p+

VG<=VTH,GS

VD>0VS=0VB

n+ n+

p–

The depletion region of subthreshold operation

Depletion region
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I-V关系式：(1) 
电子扩散产生的电流： 

 

  

 其中Dn是电子的扩散系数，A是电流流过区域的截面
积，A=W×td，W为MOS管宽度，td为耗尽区深度。 

在弱反型区，表面势正比于栅源电压：    

S DS

T Tp p
D n d n p0

(0) ( )
q q e (1 e )

Φ V
V Vn n L WI AD t D n

L L

−−
= = −

S ox

GS j ox

d 1
d
Φ C
V C C n

= =
+

GS TH,GSGS
S 1 2

V VVΦ k k
n n

−
= + = +

TH,GS
2 1

V
k k

n
= +
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I-V关系式：(2) 
漏极电流： 

 

 

 

 

其中， 

GS TH,GS DS2

TT T
D d n p0q e e (1 e )

V V Vk
nVV VWI t D n

L

−
−

= −

2

T
t d n p0q e

k
VI t D n=

GS TH,GS DS

T T
D te (1 e )

V V V
nV VWI I

L

−
−

= −
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亚阈值区的典型I-V曲线 
ID (μA)

0

0.02

0

0.04

VDS 
(volts)

0.06

0.08

0.01

0.012

0.1 0.2 0.3 0.4 0.5

VGS–VTH,GS=–20 mV

VGS–VTH,GS=–10 mV

VGS–VTH,GS=0 mVVDS=3VT≈78 mV

Drain current versus drain-source voltage in weak inversion.
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亚阈值区和饱和区的典型I-V曲线 

0
0

2

VGS 
(volts)

4

6

0.5 1 1.5 2

VDS=5 V

VTH≈0.7 V

W=20 μm
L=20 μm

ID (A)

10–13
0

VGS 
(volts)0.5 1 1.5 2

VDS=5 V
W=20 μm
L=20 μm

10–8

10–9

10–12

10–5

Subthreshold 
exponential region

Square-law region

2.5

Drain current versus gate-source voltage in weak inversion with a 
(a) square root (b) logrithmic scale.

(a) (b)

1 2
D  (μA)I

10–10

10–7

10–6

10–4

10–3
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大信号工作原理：速度饱和区 

在临界电场 Ecrit下的速度定义为散射极限速度vscl：  
 
速度饱和时的电流：  

=scl n critv μ E

D ox GS TH,GS scl( )I WC V V v= −

p+

VG>VTH,GS

VDS>VDSsat VS=0VB

n+ n+

p–
Depletion 

region

Lateral electric field

Vertical electric field

An NMOS device in active mode (saturation) identifying the lateral and 
vertical electric field components.
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三个工作区域的I-V曲线 
ID 

IDsv

IDws
VGSws VTH,GS VGSsv VGS

DI

VGSws VTH,GS VGSsv
VGS

(a)

(b)

quadratic 
strong inversion

linear 
velocity saturation

VGSVGSws VGSsv0

(c)

IDsv

IDws

10

10–1

Subthreshold 
exponential 

region

quadratic 
strong inversion

linear 
velocity saturation

ID/VGS=0characteristic with a (a) linear, (b) square root, 
and (c) logarithmic currrent scale.

log ID
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小信号模型 
|Q|

Source Channel Drain x

ID

ID+id

Qn(x)=Cox{VGS–VCS(x)–
VTH,GC[VCB(x)]}

Qn(x)=Cox{VGS+vgs–VCS(x)–
VTH,GC[VCB(x)]}

Pinch-off for 
VDS>VDSsat 

(b)

Effect of a small-signal input voltage applied to a NMOS 
transistor. (a) Circuit schematic. (b) Corresponding changes in 
carrier concentrations in the channel when the device is in the 

active region.

VGS

vgs

iD=ID+id

VDS

(a)
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低频小信号模型：栅跨导(1)  

栅跨导： 
 
线性区栅跨导gm,tri： 
饱和区栅跨导gm,si ： 

D
m

GS

 Ig
V
∂

=
∂

m,tri n ox DS
Wg μ C V
L

=

[ ]m,si n ox GS TH,GS DS DSsat
1 ( ) 1 ( )Wg μ C V V λ V V
n L

= − + −

g

s

gmvgs

d

vgs rdsgmbvbs

b

vbs

s

The low-frequency, small-signal model for an active 
MOS transistor.
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低频小信号模型：栅跨导(2) 
若λ(VDS–VDSsat)<<1  

 

 

弱反型区栅跨导gm,wi： 

 

 

速度饱和区栅跨导gm,vs ： 

D

GS
m,s

TH,GS
i n o n ox Dx GS TH,GS

1 ( ) 2 2IWμ C I
n

Wμ C V V
n VLL

g
V

−
−

= = =

GS TH,GS DS

T T D Dt ox
m,wi

T T T j ox

e (1 e )
V V V

nV V I II CWg
L nV nV V C C

−
−

= − = =
+

=m,vs ox sclg WC v
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-01117- 

体跨导：(1) 

线性区体跨导gmb,tri： 

 
 
饱和区体跨导gmb,si   

TH,GS
mb,tri n ox DS n ox DS m,tri

BS

( 1) ( 1)
VW Wg μ C V n μ C V n g

L V L
∂

= − = − = −
∂

TH,GS TH,GSD D D
mb

BS TH,GS BS GS BS
m( 1)

V VI I Ig
V V V

g n
V V

∂ ∂∂ ∂ ∂
= = = − =
∂ ∂ ∂

−
∂ ∂

[ ] TH,GS
mb,si n ox GS TH,GS DS DSsat

BS

1 ( ) 1 ( )
VWg μ C V V λ V V

n L V
∂

= − − + −
∂

TH,GS

BS F SB

( 1)
2 | 2 |

V γ n
V Φ V

∂
= − = − −

∂ +

m,si( 1)n g= −
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-01118- 

体跨导：(2) 
弱反型区体跨导gmb,wi： 

 

 

 

 
速度饱和区体跨导gmb,vs  

GS TH,GS DS

T T TH,GS D
mb,wi t

T BS T

m,wi

( 1)1 e (1 e )

( 1)

V V V
nV V V n IWg I

nV L V nV

n g

−
− ∂ −

= − − =
∂

= −

∂
= − = −

∂
TH,GS

mb,vs ox scl m,vs
BS

( 1)
V

g WC v n g
V
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输出阻抗 

线性区输出阻抗rds,tri： 

 

饱和区输出阻抗rds,si： 
 
弱反型区输出阻抗rds,wi： 
 
 
 
速度饱和区输出阻抗rds,vs：    

1

DS D
ds

D DS

V Ir
I V

−
 ∂ ∂

= =  ∂ ∂ 
ds,tri

n ox GS TH,GS DS

1

( )
r Wμ C V V nV

L

=
− −

A E
ds,si

D D D

1V V Lr
I λI I

≈ = =

DS

T

GS TH,GS DS

T T

T T
ds,wi

D

t

(e 1)

e e

V
V

V V V
nV V

V Vr
IW I

L

−
−

= = −

D

DS

0I
V
∂

=
∂ ds,vsr →∞
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PMOST的小信号模型 

g

s

gmvgs

D

vgs rdsgmbvbs

b

vbs

s
vGS

iDG

D

B

vBS

g

s

gmvgs

d

vgs rdsgmvbs

b

vbs

s
vGS

iD
G

D

B

vBS

S

S
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高频小信号模型：(1) 

S DG W

L B
Cgbo

(a) A cross section of an n-channel MOS transistor showing 
the small-signal capacitances.(b) Top view of an NMOS

n+ n+

p– Builk or substrate

Source Drain
Gate

Metal(Al)
Polysilicon

SiO2

Bulk

Cov Cox

Cjsb Cjdb

(a)

(b)

Cjwsb Cjwdb

Cov
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高频小信号模型：(2) 

g

s

gmvgs

d

vgs rdsgmbvbs

b

vbs

s

The high-frequency, small-signal model for a MOS 
transistor.

Cgs

Cgd Cdb

Csb

Cgb
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栅寄生电容Cgs和Cgd：(1) 
线性区： 

 

其中Cov为栅与源(漏)的交叠电容， 

 

弱反型区： 

 

 

交叠电容: 

ox
gs gd ov2

C WLC C C= = +

ov ov oxC WL C=

gs gd ov ov oxC C C WL C= = =

gbo ov ox2C W LC=

g b

d

Cgs

Cgbo

Csb

CdbCgd

Terminal capacitance in a NMOS

s
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栅寄生电容Cgs和Cgd：(2) 
饱和区和速度饱和区，沟道中的总电荷和沟道电流：  

T ox GS TH,GS CS0
{ ( )}d

L
Q WC V V nV x x= − −∫

CS
D n ox GS TH,GS CS

d ( )[ ( )]
d

V xI Wμ C V V nV x
x

= − −

GS TH,GS2 2
2ox n

T GS TH,GS CS CS0
D

ox GS TH,GS

{ ( )} d ( )

2 ( )
3

V V
nW C μQ V V nV x V x

I

WLC V V

−

= − −

= −

∫
T

gs ox
GS

2'
3

QC WLC
V
∂

= =
∂

gs gs ov ox ov
2'
3

C C C C WL C= + = + gd ovC C=
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源/漏寄生结电容 
jsbt S jsb S jwsbC A C P C= + jdbt D jdb D jwdbC A C P C= +

 其中AS和AD分别为源和漏的底部面积，PS和PD分别
为源和漏的侧壁周长。 

源衬和漏衬的面结电容： 

 

源衬和漏衬的边墙结电容： 

其中m=1/3~1/2  

j
jsb

sb

0

1

C
C

V
Φ

=
+

j
jdb

db

0

1

C
C

V
Φ

=
+

jw
jwsb

sb

0

1
m

C
C

V
Φ

=
 
+ 

 

jw
jwdb

db

0

1
m

C
C

V
Φ

=
 
+ 
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背栅寄生电容Cbs和Cbd：(1) 
线性区： 

 

饱和区和速度饱和区： 

 

弱反型区： 

sb bc jsbt
1
2

C C C= + db bc jdbt
1
2

C C C= +

sb bc jsbt
2
3

C C C= + db jdbtC C=

sb jsbtC C= db jdbtC C=

j ox
gb gbo

j ox

CC
C C

C C
= +

+
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寄生电容与VGS和VDS的关系 

Voltage dependence of  Cgs and Cgd as a function of VGS and VDS.

(a)

(b)

ID

VDS

Triode Saturation

VDS is constant

ID

VDS

Triode Saturation

VGS is constant

C

VDS

VGS is 
constant

Cgd

ox ov
1
2

C WL C+

Cgs
ox ov

2
3

C WL C+

Cov

Saturation

Cgb

Triode
Cgbo

VGS

C

ox ov
2
3

C WL C+

Cov

ox ov
1
2

C WL C+

Subthreshold Saturation Triode

VDS is 
constant
Cgs

Cgd

Cgbo

ox gboWLC C+

Cgb
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NMOS管可变电容 
C

VGB0

G

B

accumulation

depletion

G

B

C

VGB0

accumulation

depletion

inversion

NMOS varactor
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模拟评价指标：固有增益 
i m dsA g r=

线性区： 

 

饱和区： 

 

弱反型区：  

 

 速度饱和区： 

DS
i

GS TH,GS DS

VA
V V nV

=
− −

D E E
i

GS TH,GS D GS TH,GS

2 2
( )

I V L V LA
V V I V V

= =
− −

DS
DS T
TD T

i
T D

e 1(e 1)

V
V V
VI VA

nV I n
−

= − =

i   !?A →∞
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如果                               、                ，则              。 

vOUTvIN

IB

单MOS管增益AV 

V 100A ≈E 10 VV L ≈GS TH,GS 0.2 VV V− =

V m ds

D E

GS TH,GS D

E

GS TH,GS

2

2

A g r
I V L

V V I
V L

V V

=

= ⋅
−

=
−
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高增益设计 

高增益 高速 

VGS -VTH,GS 低(0.2 V) 

L 大 

决定          值，能效比! GS TH,GSV V− m D/g I
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        用三个单管串联的结构，实现总增益为10,000的三

级放大器。                             。         
        使用先进的65 nm CMOS工艺(                     )，求最

小栅长。 
 

例题7：单管放大器 

En 4 V/μmV =
GS TH,GS 0.2 VV V− =
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模拟评价指标：跨导电流比gm/ID  
线性区： 

 

 

饱和区： 

 

弱反型区： 

 

速度饱和区：  

m

D
GS TH,GS

1

2 DS

g
nI V V V

=
− −

m

D GS TH,GS

2g
I V V

=
−

m

D T

1g
I nV

=

m

D GS TH,GS

g
I V V

=
−
１
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ID与VGS的关系：尺寸W/L固定 

GS TH,GS DS

T T
D,wi t e (1 e )

V V V
nV VWI I

L

−
−

= −

速度饱和区 

弱反型区 

强反型区 

斜率为 
10 Tlog e (1/ )nV⋅ -23

-19

T
7

scl

k 1.38 10  J/K
q 1.6 10  C

k q 26 mV@ 300 K

10  cm/s

V T T

v

= ×

= ×
= = =

≈

(log)

VGS

ID

ID

VGS

[ ]2
D,si n ox GS TH,GS DS DSsat

1 ( ) 1 ( )
2

WI μ C V V λ V V
n L

= − + −

= −D,vs ox GS TH,GS scl( )I C W V V v
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VGS

gm

VGS-VTH,GS

0.5 1 1.5

2

4

6

V

mS

0
0

跨导gm与VGS的关系：尺寸W/L固定 

速度饱和区 

弱反型区 

强反型区 

VTH,GS 

0.2 0.5 

D
m,wi

T

Ig
nV

=

m,si n ox GS TH,GS
1 ( )Wg μ C V V
n L

= − m,vs ox sclg WC v=
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速度饱和区 
线性区 

饱和区和速度饱和区 

GS TH,GS DSsatV V V− =

−GS TH,GS sv( )V V

−GS TH,GS ws( )V V

饱和区 
平方律区 

0

ID

VDS
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wi与si转换点电压VGST,ws 

GS TH,GS DS

T T
D,wi t

D,wi
m,wi

T

m,wi

D,wi T

e 1 e

1

V V V
nV VWI I

L

I
g

nV
g
I nV

−
− 

= −  
 

=

=

2
D,si n ox GS TH,GS

D,si
m,si

GS TH,GS

m,si

D,si GS TH,GS

1 ( )
2

2

2

WI μ C V V
n L

I
g

V V
g
I V V

= −

=
−

=
−

− =GS TH,GS ws T( ) 2V V nV
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PMOS的                   。 

例如，当              时，NMOS的                   ； 

转换点电压VGST,ws：与L无关 

− = ≈GS TH,GS ws T( ) 2 70 mVV V nV

10W
L

= ≈D,ws 5 μAI

≈D,ws 2 μAI

− =GS TH,GS ws T( ) 2V V nV

与沟道长度L无关， 
很长时间内仍然遵循这一规律！ 

2
n ox

2
p ox

1 100 μA/V
2
1 40 μA/V

2

μ C
n

μ C
n

≈

≈

= 2
Dws n ox T

1 (2 )
2

WI μ C nV
n L
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VGS

(log)
IDS

wi与si的转换点 

弱反型区(斜率) 

强反型区 

VTH,GS VTH,GS+70 mV 

DS

T

10
10 D,wi GS TH,GS

T

10 t

log elog ( )

log 1 e
V
V

I V V
nV

WI
L

−

= −

 
+ −  

 

10

T

log e
nV



10 D,si 10 GS TH,GS 10 n ox
1log 2log ( ) log

2
WI V V μ C

n L
= − +
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0.01 100.1 1001

10

20

38.5

wi与si转换点的能效比gm/ID 
m

D

g
I

D

Dt

I
I

T

1
V

T

1
nV 4倍 m,wi

D,wi T

m,si

D,si GS T

m

C T

H,GS

1

1

2

g
I
g

n

I V

V

V

I

V

g

=
−

=

=

GS TH,GS

2
V V−
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wi与si转换点电流ID,ws 

= 2
D,ws GST,ws

' WI K V
L

= = +

= −

2D

D,ws

[ln(1 e )]

ln(e 1)

v

i

Ii
I

v

− = − = ≈GS TH,GS GST,ws GST,ws Tln(e 1)       2 70 mViV V V V nV

反型系数 

1
GS TH,GS

1

0 2

2

1   ln(e 1) 0.54    38 mV

1  [ln(1 e )] 1.
0  [ln(1 e )] 0.4

72
8v i

i v V V

v i

= =

= = + =

− = − ≈

= = + =
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VGS –VTH,GS与反型系数 i 的关系 

0 mV 
80 mV 

200 mV 

500 mV 

0.5  2 8 50 

弱反型区 强反型区 中度反型区 

10 100 1 0.01 0.1 

–100 

0 

100 

200 

300 

400 

500 

600 

700 

– 200 
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wi与si之间的跨导gm：归一化GM 

= = + 2D

D,ws

[ln(1 e )]vIi
I m ...g ≈

1
4
iGM = −

1GM
i

=

1GM
i

= 1
2
iGM = −小 i ： 

1 e(1)
i

GM
i

−−
=

T

m

D m
T

DS
1

g
I gGM V

I
nV

n= =

1(2)
1 0.5

GM
i i

=
+ +

大 i ： 

小 i ： 大 i ： 
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0.33 

8 

指数 平方根 

10 100 1 

0.1 

0.01 

0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

0 
0.1 

归一化跨导GM与反型系数 i 的关系 

(平方根) 

(指数) 
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电子漂移速度与横向电场的关系 
Drift velocity 

vd (m/s)

103

Electric field 
E (V/m)105

Typical measured electron drift velocity vd versus horizontal electric 
field E in an MOS surface channel (solid plot). Also shown (dashed 

plot) is the analytical approximation with Ecrit = 1.5 × 106 V/m and μn = 
0.07 m2/Vs.

106 1075x103

2x104

5x104

105

Vscl

n
d

crit

( )( )
1 ( )

μ E xv x
E x E

=
+
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漏源饱和电压VDSsat 

EcritL 
(V)1 2 4 5 63 7

0.9

0.9

0.7

0.6

0.5
0

1

0.8

−
DSsat

GS TH,GS( )
V

V V n

(VGS −VTH,GS)/n=0.1 V

Ratio of the minimum drain-source voltage required for operation in 
the active region to the overdrive versus the product of the critical field 

and the channel length. When Ecrit→∞, velocity saturation is not a 
factor, and VDSsat→(VGS−VTH,GS)/n, as expected. When velocity 

saturation is significant, VDSsat <(VGS−VTH,GS)/n.

(VGS −VTH,GS)/n=0.5 V
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I-V关系式：(1) 
单位面积的电荷密度：  n ox GS TH,GS CS( ) { ( )}Q x C V V nV x= − −

D n d( ) ( )I WQ x v x= CSd ( )( )
d

V xE x
x

= −n
d

crit

( )( )
1 ( )

μ E xv x
E x E

=
+

CS CS
D n ox GS TH,GS CS

crit

d ( ) d ( )11 { ( )}
d d

V x V xI Wμ C V V nV x
E x x

 
+ = − − 

 

DSCS
D n ox GS TH,GS CS CS0 0

crit

d ( )11 d { ( )}d ( )
d

L VV xI x Wμ C V V nV x V x
E x

 
+ = − − 

 
∫ ∫

2
n ox DS

D GS TH,GS DS
DS

crit

( )
21

μ C nVWI V V VV L
E L

 
= − − 

 +
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饱和条件(1) 
饱和条件： 

2
DS

GS TH,GS DS
DS DS

GS TH,GS
crit critD

n ox 2
DS DS

crit

( )
21 ( )

2
0

1

nVV V VV nVV V
E L E LI μ C

V V
E L

 
− −  

+ − − −  
∂   = = ∂   +   

  
2

DS
DS GS TH,GS

crit

2 2( ) 0nV nV V V
E L

+ − − =

GS TH,GS
DSsat crit

crit

2( )
1 1

V V
V E L

nE L

 −
= + −  
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GS TH,GS

crit

V V
x

nE L
−

=
2

1 2 1
2
xx x+ = + − +

GS TH,GS GS TH,GS
DSsat

crit

1
2

V V V V
V

n nE L
− − 

= − + 
 



饱和条件(2) 

GS TH,GS 2DSsat
crit

crit

2( )
( 1) 1

V V VE L
n E L
−  

= + − 
 

2n ox
D DSsat( )

2
μ C WI nV

n L
=
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I-V关系式(2) 
2

GS TH,GS2n ox
D GS TH,GS

crit

GS TH,GS2n ox
GS TH,GS

crit

( ) 1
2 2

( ) (1 )
2

V Vμ C WI V V
n L nE L

V Vμ C W V V
n L nE L

− 
= − − + 

 
−

= − − +





2n ox
D GS TH,GS

GS TH,GS

crit

( )
2 1

μ C WI V V
LV V

n
nE L

≈ −
− 

+ 
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速度饱和区：RSX 

2
D n ox GS TH,GS

1 '( )
2

WI μ C V V
n L

= − GS GS D SX
'V V I R= +

2 2
D n ox GS TH,GS GS TH,GS D SX D SX

2n ox
GS TH,GS

n ox SX GS TH,GS

1 [( ) 2( ) ( ) ]
2

( )
2 1 ( )

WI μ C V V V V I R I R
n L

μ C W V V
W Ln μ C R V V
L

= − − − +

= −
 + −  

G

D

S

VGS

ID

V'GS

RSXn ox SX
crit

1Wμ C R
L nE L

= SX
n ox crit

1R
nμ C WE

=
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当                     时， 

si与vs转换点电压VGST,sv 

D,vs ox scl GS TH,GS( )I WC v V V= −

GS TH,GS sv( ) 0.65 VV V− ≈0.13 μmL =

正比于沟道长度L！！！ 
7

scl

2
n

10  cm/s
1.4
500 cm /Vs

v
n
μ

=

=

=

2n ox
D,si GS TH,GS( )

2
μ C WI V V

n L
= −

scl
GS TH,GS sv

n

( ) 2 5vV V nL L
μ

− = ≈
2

ox scl
D,sv

n

2nWLC vI
μ

=

m m,,si
D,

vs

D
D,vs

,vs
si

D,si

     o  r
g

I
g
I

I
I

= =

n ox
m,si GS TH,GS2 ( )

2
C Wg V V
n L

= −
µ

m,vs ox sclg WC v=



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-01153- 

当                  ，                      时，                   。 

si与vs转换点电流ID,sv 

D,sv 10 A/cm
I
W

≈

2
2n ox scl scl

D,sv ox
n n

ox min
ox ox

ox

(2 ) 100
2

  
50

μ C v vWI nL nε W
n L μ μ

ε LC t
t

≈ ≈

= =

min 0.13 μmL =1 μmW =

7
s

x

2
n

o

at 10  cm/s

0.34 pF/

1.4
500 c

m

m / s

c

V

v
n
μ

ε

=

=

=

=

≈D,sv 1 mAI
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-01154- 

当                     时， 

si与vs转换点电压VGST,sv 

D,vs ox scl GS TH,GS( )I WC v V V= −

GS TH,GS sv( ) 0.325 VV V− ≈0.13 μmL =

正比于沟道长度L！！！ 
7

scl

2
n

10  cm/s
1.4
500 cm /Vs

v
n
μ

=

=

=

2n ox
D,si GS TH,GS( )

2
μ C WI V V

n L
= −

scl
GS TH,GS sv

n

( ) 2.5vV V nL L
μ

− = ≈
2

ox scl
D,sv

n2
nWLC vI

μ
=

,m,si m vsg g=

n ox
m,si GS TH,GS2 ( )

2
C Wg V V
n L

= −
µ

m,vs ox sclg WC v=
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si与vs转换点跨导gm 
-5

m,vs ox scl ox scl min

m,si n GS TH,GS
min

-9 2n ox
GST GST min2 c

c

m
m

i

i

n

n

m
m

'2 ( )

50 6 10 /  (

50 17 10 /  (S)

S)

Wg K V V
L

μ ε W V V

Wg WC v ε v W L

W L
n L

L
= = = ×

= −

= = ×

m,vs m,sim

1 1 1
g gg

= +

Lmin的单位为cm 

,m,vs m sig g= = =n GST,sv
min GST,sv

scl

0.4 (μm)
μ V

L V
nv

×
≈

+ ×

-5

m 4
min min GST

17 10
1 2.8 10 /

Wg
L L V
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速度饱和区？饱和区？ 
GS TH,GS 0.2 VV V− ≈

m,si n
GS TH,GS

min

m,si GST

m,vs
ox scl

m,vs

min

2
min

'2 ( )

0.0

0.17

6

g K V V
W L
g V

g
C v

W
g

W

W L

L

= −

≈

=

≈

(0.5 V)

L的单位为μm 

L的单位为μm 

L10 nm 1 μm 
0.1 

10 

1 

0.1 μm 
0.2 V 0.5 V 

Vsat 

当VGST,sv=0.2 V，Lmin<65 nm； 

或VGST,sv=0.5 V，Lmin<0.18 μm 时，晶体管进入速度饱和区 

(mS μm)mg
W

vscl 

0.5 V 

0.2 V 
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平方率饱和区VGST的有效范围 

1988 1992 

0.1 

10 

1 

1990 

vscl 

VGS-VTH,GS (Volts) 

0.01 

si 

Clear si 

si 
wi 

VGST,sv 
VGST,sv/3 
3VGST,ws 
VGST,ws 

1996 1994 2000 1998 2004 2002 2006 2008 

5Lmin 
(5/3)Lmin 

2nVT 

6nVT 

Lmin=0.18 μm 
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VGS

gm

VGS-VT

0.5 1 1.5

2

4

6

V

mS

0
0

在饱和区MOST的工作范围 

GS TH,GS 0.5 VV V− ≈GS TH,GS 0.2 VV V− ≈

速度饱和区 

弱反型区 

强反型区 VTH,GS 

0.2 0.5 

gmsat 
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练习2：相同工艺下，不同L值 

ctW = ctW
L

=

Lmin=50tox 

Lmin=50tox 

L>>Lmin 

L>>Lmin 

相同tox值！ 
gm

VGS-VTH,GS

gm

VGS-VTH,GS
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ctW = ctW
L

=

练习2：不同工艺下，Lmin值， 

不同tox值！ 

small Lmin 

large Lmin large Lmin 

small Lmin 

gm

VGS-VTH,GS

gm

VGS-VTH,GS
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MOST的ID、gm和gm/ID 

GS TH,GS

T
t e

V V
nVWI

L

− GS TH,GS

Tt

T

e
V V

nVI W
nV L

−

wi

ws

si

sv

vs

DI mg
m

GS TH,GS
D

( )g f V V
I

= − m
D

D

( )g f I
I

=

T

1
nV T

1
nV

GS TH,GS ws T( ) 2V V nV− = 2
D,ws T(2 )

2
KP WI nV

n L
=

2
GS TH,GS( )

2
KP W V V

n L
− GS TH,GS2 ( )

2
KP W V V

n L
−

GS TH,GS

2
V V−

DS

12
2
KP W

n L I

,D,si D vsI I=

smsi mvg g= ox scl
GS TH,GS sv

2( )
2

nLC vV V
KP

− =
2 2
ox scl

D,sv
2

2
nWLC vI

KP
=

ox scl
GS TH,GS sv

2( ) nLC vV V
KP

− =
2 2
ox scl

D,sv
2nWLC vI

KP
=

ox sat GS TH,GS( )WC v V V− ox sclWC v
GS TH,GS

1
V V−

ox scl

D,vs

WC v
I

(1-25a) (1-25b) (1-26b) (1-26b)

(1-18c) (1-22a) (1-26a)

(1-38b) (1-39)

(1-26a)

摘要：关于ID 、gm和gm/ID的公式 

Ref.: Laker, Sansen : Design of analog …, MacGrawHill 1994; Table 1-4 

m,si

D,s

m,vs

D,vsi

g g
II

= ox scl
GS TH,GS sv( )

2
nLC vV V

KP
− =

2 2
ox scl

D,sv 2
nWLC vI

KP
=
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当ids = igs时，MOST的特征频率fT  

ox
gs ox m GS TH,GS

2 ' '    2 ( )    
3 2

μCWC WLC g K V V K
L n

= = − =

m
T GS TH,GS2

gs

1 3 ( )
2π 2π 2

g μf V V
C n L

= = −
scl

1
2π /L v

=
⋅

scl

2π
v

L
3 ?
2

×

m ox sclg WC v=

gs gs gs

ds m gs

i v C s

i g v

=
 =

vgs

g

s

d

rds ids

igs

s

gmvgsCgs
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高速设计 

高增益 高速 

VGS -VTH,GS 低(0.2 V) 高(0.5 V) 

L 大 小 

决定          值，能效比! GS TH,GSV V− m D/g I



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-01164- 

最大特征频率fT与沟道长度L的关系 

10  1 L (micron) 

100 

1 
0.1 

VGS –VTH,GS =0.2 V 

0.5 V 

10 

f (GHz) 

1 V 

fT 
fT,vs 

fm 

处理器 

射频电路 
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当VGST=0.2 V，Lmin<65 nm； 

或VGST=0.5 V，Lmin<0.18 μm时，晶体管进入速度饱和区 

饱和区和速度饱和区的特征频率fT 

m
T gs

gs

    
2π

gf C kW
C

= = -112 fF/μm 2 10  F/cmk = = ×

-5

m 4
min min GST

17 10
1 2.8 10 /

Wg
L L V

×
=

+ × L的单位为cm 

T
min min GST

1 13.5  GHz 
1 2.8 /

f
L L V

=
+ L的单位为μm 



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-01166- 

饱和区和弱反型区的特征频率fT 

−

−

=

= −

= −

m
T

GS

D,ws
m
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TH

2π

(1 e )

(1 e )
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I
g i
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f i
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−−
=

= ×D D,ws

1 e i
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I i I

= = =

2
GST,ws

D,ws T
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2
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'
3

2π 2π2π 2
3

C W
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特征频率fT与反型系数 i 的关系 

10 100 1 0.01 

0.5 

1 

0.1 
0 

0.0095 0.0857 
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fT fT fT

VGST IDW

T GS TH,GS
D

3
ox min

2
mi

D

min on x GS TH,GS

'3
2

1 3 ( )
2

3
2 π ( )ππ 2

K I

C
I

WL C V
μf V V

WLn VL
= − =

−
=

练习3： MOST的特征频率fT?  

W=ct > ID↑ 

W↓ > ID=ct 

ID↑ VGS↑ 

ID↑ VGST=ct 

ID=ct VGST ↓ 

W↑ VGST=ct 

W↑↑ VGST ↓ 

W=ct  VGST ↑ 

所有L=Lmin 
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“单页” MOST型晶体管模型 

D

2
DS GS TH,GS

m GS TH,G
GS TH,

sc

S D

E
ds

D

T GS TH,G

GS

l
S2

' ( )

' '2 ( ) 2

1 3 ( )
2π 2

2

2π

WI K V V
L
W Wg K V V K I
L L

V Lr
I

μf V V

I

L
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v
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= − ≈

GS T

2
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2
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0.2 V

V
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V V

K
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− ≈

≈

≈

En
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≈

7
scl 10  cm/sv ≈
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MOS型与BJT型晶体管的比较 

T

1
V

wi

si

vs

T

1
V

GS TH,GS

2
V V−

GS TH,GS

1
V V−

T

1
nV

0
∞

C/I β

π Br r+

D
GS TH,GS ' /

IV V
K W L

− =
TV

mg
I

j

ox

1
C

n
C

= +

T

1
V

 ?β

Specification 
表2-8 MOS型与BJT型晶体管的比较 

MOST Bipolar transistor 

4…6 X 

Ref.: Laker Sansen Table 2-8 

3. 

2. VDSsat 

1. IIN 
RIN 

few 
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IDS

VDS0

MOST-BJT的比较：最小VDS 

DSsat GS TH,GS

D
GS TH,GS

CEsat T s

'

'

V V V

IV V WK

V

L

V

≈

≈

−

− ≈

CEsatV DSsatV
Ref.: Laker Sansen Table 2-8 
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10
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38.5

MOST-BJT的比较：能效比gm/ID 
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gm的设计流程 

2
D GS TH,GS

m GS TH,G
D

GS TH,G
S D

S

' ( )

' '2 ( ) 22

WI K V V
L

W W I
V V

g K V V K I
L L

= −

= − = =
−

2个方程，4个变量 >> 2个变量不受约束 

选择VGS-VTH,GS和L ！ 
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j μ, C C

GS TH,GS, W V V
L

−4.Design planning 

MOS型与BJT型晶体管的比较 
表2-8 MOS型与BJT型晶体管的比较 

MOST 

TV

GS GD, C C

scl/v L scl B/v W

G
m

2/34k ( )T R
g

+ B
m

1/24k ( )T R
g

+

6. Max fT low I 
high I 

7. Noise 

10X 
10X 

Therm. 

1/f  

2
idv

5. I-range 1 decade 7 decade 

Specification Bipolar transistor 

8. Offset 
Ref.: Laker Sansen Table 2-8 

7
scl 10  cm/sv ≈
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关于晶体管模型的参考书目 
 Y. Tsividis, “Operation and Modeling of the MOS Transistor”, 

McGraw-Hill, 1987, Oxford, 2004/2011. 
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关于模拟电路设计的参考书目 
 P. R. Gray, P. J. Hurst, S. H. Lewis, R. G. Meyer, “Analysis and 

Design of Analog Integrated Circuits”, John Wiley & Sons, 
1977/84/93/2001/09 

 T. C. Carusone, D. A. Johns, K. W. Martin, “Analog Integrated 
circuit design”, Jonh Wiley & Sons, 1997/2012. 

 P. E. Allen, D. R. Holberg, “CMOS Analog Circuit Design”, Holt, 
Rinehart and Winston. 1987, Oxford Press 2002/12. 

 B. Razavi, “Design of Analog CMOS Integrated Circuits”, McGraw 
Hill, 2001. 

 K. R. Laker, W. Sansen, “Design of Analog Integrated Circuits and 
Systems”, McGraw Hill, 1994. 

 R. Gregorian, G. C. Temes, “Analog MOS Integrated Circuits for 
Signal Processing”, Jonh Wiley & Sons, 1986. 

 W. M. C. Sansen, “Analog Design Essentials,” Springer 2006. 
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