Semiconductors and Diodes

Table 3.1 Summary of Important Equations

Quantity Relationship

Values of Constants and Parameters
(for Intrinsic Si at 7 = 300 K)

Carrier concentration in n,= BT e BT
intrinsic silicon (cm_3)

B=73x 10" em K *?
E,=112eV

k=8.62x 107 eV/IK
n,= 1.5 x 10'%cm’

Diffusion current J = —aD dp ¢=1.60x 10" coulomb
density (A/cm®) r jndx D,=12 cm’/s
J,=4qD, D, =34 cm’/s
Drift current density o = q(p1s, +np,)E 1, =480 cm’/V - s
(Alem’”) @, = 1350 cm’/V -
Resistivity (2 -cm) p=U[q(pw,+nu,)] w, and ., decrease with the increase in
doping concentration
. . Dn DP
Relationship between ===V V; =kT/g =259 mV
mobility and diffusivity K Ky
Carrier concentration in n,, =N,
e -3
n-type silicon (cm ") P = nf IN,
Carrier cox?;entration_gn Ppo = 1\; A
p-type silicon (cm ™) N, =m/N,
PN junctions | Jjunction built-in N,N,
(diodes) voltage (V) Vo=V 1“( ”
Width of depletion X _ Ny
region (cm) X D
W=x,+x, e, =11.7¢,
~14
3 ﬁ(i.}.i)(v.kv) €,=8.854 x 10" F/cm
qg \N, N, o
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Table 3.1 continued

Values of Constants and Parameters

Quantity Relationship (for Intrinsic Si at T =300 K)
N,N,
Charge stored in depletion Q,= qN A ]‘:, AW
layer (coulomb) A+ Np
I=1+I,
Forward current (A) D
I =Agn’ —2 ("1 -1
r L,N, ( )
2 D, (v,
1,=Aqgn; LN, (e - 1)
Saturation current (A)

I-V relationship

1=1(e"r 1)

Minority-carrier T, = L;/Dp t,=L2D, L,L,=1pmto 100 pm
lifetime (s) 7,,T,=1nsto 10* ns
Minority-can‘ier Qp = rpIp Qn = TnIn
charge storage 0=0+0 =11
(coulomb) Pl
€ NN,
Depletion capacitance (F) Co =A\/ (,Tq) ( N A+ ;\), )
A D
V m
c:c,/(1+—“) 1 1
4 o Vo m= 5 to E
. . _ tT
Diffusion Ci=|\ |
VT

capacitance (F)
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—
Anode m Cathode

+ VvV -
I vs. V equation for diode in forward and reverse region:
! I=1Ig(e"/Vr — 1)

Ip Vis the voltage across the diode from anode to cathode
| is the current through the diode from anode to cathode

v kT

Vep - Vr = 7
’ ! o Vr=25.9 mV at room temperature (= 300 degree Kelvin)

Breakdown

slope =ga=1/rq

A Y
[R

vz ) 0 )

%

D

Y

- T 0

Op —1Iz

1/r,

FIGURE 1.46 The complete i-v characteristic of a pn junction.
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Approximations of the diode three regions of operation

0

C

a

>

|
Vl)mn)

The slope of the diode curve at a given operating current /, in the forward-bias region is:

Ip

‘gd:VT

In forward region to cause a decade change in I, we need to change V, by 60 mV.

Temperature affects the forward region as follows:

V(1) = V(1)) = @mV) X (T = T)

and the reverse region as follows:

I(T) = I(T) X 27-7/°

> v

A

—+

Q [I)¢ _I Vl)(on)

C
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MOSFET in saturation mode (Vs > Vmy and Vips > Vgs — Vi)

1 w )
Ip = E#Cox T Ves — Vry)

Key Small Signal Parameters for the MOSFET in saturation mode:

w 21,
Im = UCoy T(VGS —Vrn) = Voo = Vi
1
R TR

BIPOLAR in active mode (Vge 0.7 V. and Vce > Vce sat = 1V)

IC =~ ISeVBE/VT
V= kT
" q
Vr =25.9 mV at room temperature (= 300 degree Kelvin)
IE :IB+IC = (ﬁ+1)IB
B=Ic/lp

Key Small Signal Parameters for the BIPOLAR in active mode

=B
"

Va
TO__
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Small signal model for MOSFET in saturation mode

Copyright © McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education.
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Small-signal MOSFET model. This model applies to both nMOSFETs and pMOSFETSs

Small signal model for BIPOLAR in active mode

Copyright © McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education.

o iy 2 c
®)

o — -

Bo—— ocC .
¢ i . ¢ i,
i L 8mVbe iy
o=l > eE LR NES
E

Vv

Vbe be

— 0
E

Small-signal BJT model. This model applies to both npn and pnp BJTs.
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Small signal resistances looking into the BJT’s terminals

Copyright © McGraw-Hill Education. All rights reserved. No reproduction or
distribution without the prior written consent of McGraw-Hill Education.

Rh
E O ‘
R,
Ry 2
Exact Approximate
R¢
+ —_

R, =1+ (B + 1R ki pr1 [GHLM]

T, + Rc + R

Ry =1, + (B +1R; (r, » Rg, 1, > Re)

(r, + Rc)(ry + Rp)

R, =|— = [|( + Rg)
1, + Rg + f1,

. +R
Rez[(n’ B)

R
T (1, > Re; GmT> > 1;1, > —2)
R
RC=rO[1+ Imln e

+ + R R
rn+RB+RE] (1 B)” E

Rc ~ ro[l + gm(rn“RE)]

(e » Rp; gmto > 1)

Page 7 of 14



Small signal terminal resistances for the MOSFET

Exact Approximate
Ru =% Rg =
_ (L _Rp _ 1
RJ (gm//r”) u l + gmr” R" o g,,,
d = ro(l + glﬂRS) + RS d - rn(l + ngS)

NOTE: R (1 I )+ R Rp + 7
. =\|\—|IT =
P o\gn Y At gmn) (L gmT)
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Summary of small signal gains for BJT based topologies

(A)

Ag—W—o 0
B
)
Y8 RB Rl) Vpe Ve
i(’ ¢ RE
Exact Approximate
with Re #0 [GHLM]: with Re #0:
R —R R
Ye _ _ c(B1, E) Ve _ __9Imic 7> Re + Ry; B> 1
vp Reg[Rc +1,(B+ 1]+ 1 (Rc +Rg +1,) | vp 1+ gmRE
with Re =0: with Re =0:
Ve 3
— = —gm(Rcll7,) — = —gmR¢ T, > R¢
vy Up
with Rc #0 [GHLM]: with Rc #0:
Ve 1 Ve _ ngE

Tw(Rc + Rg + 1)
RE[RC + ro(ﬁ + 1)]

Vo 14

—_— = > Rc+Rg;f>1

with Re =0 [GHLM]:

ve B+
vy, 1. 1 p+1
Rg + T, + Ty

with Rc =0 [GHLM]:
Ve _ ngE

—_— = >1; >1

(B)
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Exact:

T &
&_ngLrn + Ry + T,
Ve 14 5%

TO

Approximate:
vC
7 = gm(R.||7,) T > Rp

e

lp=ai; = i;

p+1

. R.\i_g' .
TR F R

Sig ]

TTE
v = —7,

be °r.+ Ry
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(A)

Summary of small signal gains for MOSFET based topologies

Exact Approximate
i 8 8

G —_ _d — m G = m

m vg 1 + g,,, RS + ( RD + Rs) / r“ m l + ngS
2 — —ngl) H = _ngl)
vg ] + g mRS + (Rl) + RS)/ ro Vg 1 + ngS
v\' glnRS v.\' — l
¢ 1+ gR.+R,+RY/r, Ve 1+ 1/(g,Ry)
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(B)

—_
i sig Rsm Ri
5
I, _ l
lsig b+ ro - RL
I+g,r)R;,

Vd —
%= g R

"~ —— (8> 1)
i
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1
Very Common Cases: Voltage Gain Equations forg>»>1 - (r,,||g—) ~—

Vout
in

AV= _gm(Rc ”ro)

Vout

AV= _gm(RD”rO)

Vout = —RcmVpe

Rc

Vout

VUpe

Vin = Vpe +RE(B+1)r_z

T

VUpe + REgmvbe

Vb
Vout = (RE“ro)gmvbe + (RE“TO)T_B =
pa

T

Vin = Vpe + Vour =
i vbe(l + ng)

R
= ;vbe(ﬁ + 1) = gnRvp,

Vout = ReGmVe

9m

m

Vin
Vout
R
Rellrg
T
—+Rellr
9, EO
Vino—|
Vout
Rs
Rs”ro
K
—+R
gm s”ro
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Very Common Cases: Input and Output Impedances

|—> VA= oo
rp+ (B+1)Rg Re :c Re
ac ac

KVL:
vy = Tl + Rgip (B + 1)
Re can be “moved” in
base as Rg ((+1) and
E becomes ground

r’o
o

ac ac

9Im Im
ac
i’
Vp= 00
ac ac 1
4_ _”rnz_
gm m
ac
(1+9,ro) (Rellry)+rg
Rg
VA=C>O
ac 1 R 1 R
G et
KVL: Im Im
. ) . i
Ve = —Tylp — Rplp = —Tnlp — Raﬂ : 1

ac Rg can be “moved” in emitter as Re/ ([f+1) and B becomes ground

;(1 +gmro)RS+ro
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