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N-Channel MOS-transistor ”current

= e Both fixed and
equation Q. .
. . . Vin= O~ & moving charge
Differences in work f.unctlon _ i carriers
and charges 1n the oxide J
G Q,
/”I//—': I" + o+ o+ VG - VFB B ? ¥ ¢S QS:QH+Qd
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Loser ut Q,

Q, = _Celva - (VFB + s — %E{)]
\ ;

The moving charges
in the channel

Q, = —C,-[ Vo=V —20p—V, — é\/ZQﬁsNa(Z‘i’F + Vx)}
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N-Channel MOS-transistor ”current
equation”

Neglecting the voltage 1
dependence of Qd (x) Q, = —C,-[ Vo= Vip = 2bp = Ve = V206N (24r + vx)}

V=Veg+2@+Qqy(X)/C,

Q,(x) = —C(Vg—Vr—V))

JFET i
L Z2h(x) av, N [ v, _U
D P dx LI R R
‘Resistivity dX / g

(Qcm) .




N-Channel MOS-transistor current

equation”
For the MOS channel applies:

o — dv,
Ly =1Q (- Zv(0) =[Q(X)|-Z 41, E=IQu (X - Z 1y~

L Vo
J IDd.I — EHZCIJ (VG — VT - Vx)de
0 0

L }Iﬂch
L

Iy (Vg = V)Vp —3V3]
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N-Channel MOS-transistor ”current

equation”™
Q, = —C,-[ Ve— Vg —2¢p -V, — é\/ZQESNa(z‘bF + Vx)}
. EHZC!'
!,{] _ L / ‘ n]?ust »»

2 Ve Nﬂ
X{(VG — Vi —2¢F ‘%VD)VD — é‘ qu [(VD + 2‘1’»’}?)%2 (2¢' }m]}

The conductivity in the linear part can be described by

dlp Z

v, ETL”Q( Ve = V) Vs -1

g:
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N-Channel MOS-transistor ”current
equation”

In the saturated region applies:

Vﬂ(ﬁﬂt.) _— V(_‘; — VT

\\
Eﬂch
Ip=""""(Ve = V)Vp— V3]
_ L Z _
> | Ip(sat.) =3 HCEE( Vo — V) = EHHQV%}(SHU
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N-Channel MOS-transistor ”current
equation”
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MOS transistor channel mobility

Copr = — (Qd = Q)

The effective electric field
according to the enclosed

| charging according to the

Ws theorem"

1 1
%eff A —G_; (Qd S an>

Electron

/ hole
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MOS transistor channel mobility

Q4 +Q,

Gaussian
" box n

I L EnZCi [ 1 j
P L{1 +0(Vg — V)

Mobility degrading factor &




MOS transistor channel mobility
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Substrate bias effect

4=30A The substrate has previously

N,=15X 1017 em™3

been connected to the source
terminal. In some cases, a
potential arise between the
source and the substrate.
One example is the integrated
circuits in which the source
electrode must be kept
Insulated from the substrate.
A number of transistors can
then be attached optionally,

1.0 - €;/d

Threshold voltage (V)

T without interfering. Note the
” substrate must be reverse
T P biased relative to the source
P2or— Vp (V2 and dl’ain
&
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Substrate bias effect

MOS capacitance at
strong 1nversion

Q; = —[2egN,2bp — Vp)]? ||= - 2AeaNibp)™

By

Vi = + 2dp (ideal case)

qui e [(2br — Vi)' — 2452 | L




Bipolar transistor, introduction

a) A diode with lighting controllable diode!

—
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J/ Hole N1,
o injector | @~
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Bipolar transistor, introduction (pnp)

il llls T,

Emitter — W, [+— Collector Iy
Holes | ., Holes
injected collected | Ve
(a) (b)
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the transistor, introduction (pnp)

In broad terms is the fkn as follows,
The Emitter injecting minority carriers
(holes) in the base, hopefully
recombines the holes not in too large
amount with electrons entering the
base, instead diffuses the hole
towards to the collector. The collector

le IS reverse biased and when the holes
IS close to the junction they swept by
the electric field into the collector. The
holes reaching the collector contact
recombines in equivalent amount of as

electrons are added to the contact via

the “collector” wire

W,<<L, 5

Mittuniversitetet
MID SWEDEN UNIVERSITY




the transistor, introduction, terminal

currents and parameters
Hole current

oy $ 5000 [ C= Bi EP./Base transport factor
B = 10V ] Ep Emitter injection efficiency
g © vCE JY == i -
T o
$ 50 er En Ep
VRr ) ,
::-L: . BE I_C _ BIEP _ B"\Io‘ = Current transfer
ig  ign tigp ratio
E_C_ _ By I 8 Current amplification
ipz 1—-By 1-a« factor
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Minority carrier distribution and
terminal currents (pnp)

Some simplifications and assumptions:

Holes diffuse from emitter to collector "no drift in base”
Emitter current consists only of hole current

No saturation in the collector current

A dimensional analysis

Currents and voltages are in the "steady state"-no change

&




Minority carrier distribution (pnp)

App = Pn(eqvfﬂfﬂ - 1)
Apc = py(e?e/*T — 1)

Emitter diode 1s forward
biased and the collector-diode
1s reversed biased, which

L | 5 results in:
0 W,
(a) &pE —~— pnquEEf(kT
‘ﬁpC = T Pn
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Minority carrier distribution (pnp)

2
, d ap (I H) o ap (I”) Possible to solve the distribution of

2 2 hole concentration in the base (see 4-34b)
dx; L,

a p(x ”) —— C 1 {?'r”"'f LF + CZE_I”f{ LF The solution for hole in

the base region

dp(x, =0)=Cy + C, = Apg
Bp(x, = Wp) = Ce"h + Cye™"Whr = Ap,

Constraints
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Minority carrier distribution

o Apc — Apge Wil
L Wil — WL, | The solution gives C, and C,
Apre”lts — A
C2 _ PE Pc

eWh/Lp — e_wb/Lp

ewb/Lpe_xn/Lp — e—wb/Lpexn/Lp
Bp(xn) = ApE ewb/Lp .

W./L (fOI‘ A Pc = O) Hole distribution in the base
e— h/ p

4




Minority carrier distribution

8p(x,)
dp(x,) =M, .\p“)—.\',./l.,, — M5 Apg eNn/Ly
where
M\ Apg

. eWo/Ly

L7 WL, _ p=Wi/L, Apg
M s e_wb/LP /V[‘ZA[)[_—

27 Will, _ oW,

Straight line
approximation

Emitter Collector
P p
%.
field Pn t0p (x,)
n, + S,
np
™ "
np i np + én
e
E-B space B-C space

charge region

charge region
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Terminal currents

dd p(x,)
I (x,)=—qAD, From EQ. 4-22b, hole

dx, current in the base

D
Ig,=1 l{,(:v.ij,1 =0) = qAL—p(Cg - Cy) Emitter current
P

D
L

1’(C26—Wb/1~p = CleWb/Lp) Collector current
[)

IC - Ip(xn = Wb) = qA

4




Terminal currents

Hyperbolic fkn!

D, W, W,
]Ep = C]ALP A pg ctnh L— — Apccsch L_

P p

DP Wb Wb
[o = qALp Apg cschL— — Apc ctnh T

P P

If
IE:IEP fDl‘",'zl

D, w, W,
Ig=1p— Ic= qAL— (App + Apc) ctnh T csch 3 gives the base
P P 2}
current
D W,
Iz = qAL—p (Apgp + Apc) tanh — oL, |

&
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Terminal currents, approximation

Sp 6p

Ap E

P ¥4

0 %

If the collector diode 1s
greatly reverse biased
applies o
ApCN-pn (NO) Mittuniversitetet
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Terminal currents, approximation

D, W,
Iy = qA—— Apg Ctnhf
If the collector diode 1s ! ’
greatly reverse biased >
appli
pplies D, W,
Ap~-p, (~0) Ic = qA-— Apgcsch —
L, L,
D, W,
[ = qA—L—p' A pr tanh '27
(4
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Terminal currents, approximation

2 54
sechy=1——y—+—1—... D, Wy, qAW,Apg
2" Iy~ qA7" Apy " =
1 y y3 LP 2LP 2'Tp
=S4t
ctnh y v 378
3
cschy=1——6y—+%—,,, Use two terms from the
d y serie
tanhy=y—§+...
T = X \
v
D 1 W/L, 1 W,/L,

"“"AZEAPEKWI,/Lf 3 )"(Wb/L,,' 6 )]

_qADW,App  qAW,Apg
2Lf, 27,

W,y/L, <<l
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Terminal currents, approximation,
charge model

Hole distribution in the base,
Triangle-approximation

0, =39A ApW,

Qp gAW ,Apg
g =3 —= 27T

Tp

The holes must be replaced with the same
speed according to the recombination

p

The equation 1s consistent

with previous derivation!
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Emitter-injection factor, base-
transport factor

Emitter current consists of holes-injection
and electron-injection charges only if y=1

For y<l1 ;
L”nn ﬂ %4 =1 4 nnp‘g -
'y=[1+ P vanh f} :{1+ > }
LLD iy L, Lyppbp
B Ic csch W,/L, _ sech& . _ i
I, ctnhW,/L, L, ‘e = DtEp




Ebers-Moll Equations coupled diode

model, overview

Apg Apc  Igs

Ip=Tgy—— tglegy—= (Apgp — ayApc)
Pn Pn "
API ji”r’_.
e —= oyl pe —
ES p” NVEES PH
=l
C
o— —o0
[
N
Ap
Ape Wi .
ol o — 5 )
H S 3 l Py
s 4B

Apc

Ap
E+(1-a)lcg B
R

Ig=(1—ap)lgg =

n

Ipo(e 7V AT— 1) anlg

C

e

1(_‘

OUJC I [CO(e qVen/kT_ l)
Ig

B

(a)

GVen'kT
Igged's

Ie
Ie=oaplgt Ico
{|
f| TIE
{|
1 } o 1e=0
t Ieo ~Vea
()
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2nd-order effects, doping profile base

The base is not homogeneously doped but instead has a
decreasing doping profile! The doping profile creates an electric

field

Doping concentration
(log scale)

N(Wy)

(a) (b)
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2nd-order effects, doping profile base

Balance of drift and diffusion-currents in
dN(x,) — o || the base (majority carrier, electrons in this
dx, case)

[H(xﬂ) = QA}LHN(X”)%(XH) + qAD.*I

ooy Di 1 aN(x) _ KT 1 dN(x)
(%) = = Ny dx, 4 N(x,) dx,

N(0)
N(W;)

N(x,) = N(0)e “*"»  wherea = In

_ kT a The electric field will helps
q W the holes above the base region

é(xn)
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Base width modulation

Especially when the collector has a higher doping

Ic
Ic~Blp
[y
U - VCE
Ly, -
! Early voltage
W =L, I
] o \/_.";f;:

&
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Avalanche breakthrough in collector
base diode

.
Py
e

AN N S

—VeE

(a) (b)
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current gain factor decreases with
higher currents

‘Pga

*High injection in emitter-diode
*Minority carrier concentration is
approaching the majority carrier

concentration, n = 2 in the diode
equation and current does not

Increase as fast T
*Kirk effect -
—Free charge carrier (as hole) as 0 L I L ;

they injected in the base collector
diode, increases the concentration )

on the n-side and reduces the i Froc
concentration on the p-side. As a s injected
result, the transition moves W holes
instantaneously, as well as the - ol O‘/: ¢ :\‘o e &

base transport time increases
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