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Why should we study AC Response?
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1) Conductance and series resistance
2) Majority carrier junction capacitance
3) Minority carrier diffusion capacitance

4) Conclusion

Ref. SDF, Chapter 7
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Forward Bias Conductance

m = RG (2), diff (1), Ambipolar (2)
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S5 NCN Reverse Bias Conductance
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1) Conductance and series resistance
2) Majority carrier junction capacitance
3) Minority carrier diffusion capacitance

4) Conclusion
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Junction Capacitance
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Majority Carrier Junction Capacitance
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Measurement of Built-in Potential

1 2
CJZ aN, (x) KSEOAZ

(Vbi _VA)

(Assume single sided p*-n junction)

Derive Vy, from C,

measurements
2
measure plot G,
C,
>V, T > Va
Vbi
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1 2
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Measure doping concentration
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Majority side

Dielectric Relaxation Time (majority side)
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Outline

1) Conductance and series resistance
2) Majority carrier junction capacitance
3) Minority carrier diffusion capacitance

4) Conclusion

e
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S NCN Diffusion Capacitance for Minority Carriers
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Minority Carrier side
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a(nO +Andc +Anacejm) =D dz (nO +Andc +Anacejm) _ Andc -'_Anacejcut

ot N dX2 Tn
2 2
ja_AnaceJm =D, d Agdc reid d Ar;ac _Andc o An,,
dx adx T, T,
2 X x
DC: 0= DN%—% —An, =Ae "~ +Be -
X T,

d? X + X X

AC: 0= DN%—(ja)rﬁl)% =An, =Ce ™ +De " _ Ce'
X T

n

L :\/Dnrn/(1+ jor,) 1.

n

=7,/(1+ jor,)

e
PURDUE Klimeck - ECE606 Fall 2012 - notes adopted from Alam 15 &

235 MNCN AC Boundary Conditions
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AC Current and Impedance
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Finally...
dan,| _gD, qv, n® e
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Diffusion Conductance and Capacitance
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Small Signal pn-diode

Conclusion

1) Small signal response relevant for many analog
applications.

2) Small signal parameters always refer to the DC operating
conditions, as such the parameter changes with bias
condition.

3) Important to distinguish between majority and minority
carrier capacitance. Their relative importance depends on

specific applications.
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ECE606: Solid State Devices
p-n diode
Large Signal Response

Gerhard Klimeck
gekco@purdue.edu
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Topic Map

Digital
Signals:

switch on
and off
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1) Large signal response and charge control model
2) Turn-off characteristics

3) Turn-on characteristics

4) Other applications

5) Conclusion

Ref. SDF, Chapter 8
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— :If transition is slow,
every pointis in
quasi-equlibrium
—>treat them like DC

11V
‘0:-2V ﬂ—

---:If transition is very
fast
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Digital, Large Signal Applications
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A Closer Look to Fast Transition
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Va(t) O Before transition occur
l constant voltage, current change from I:to I

}\—> ?
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Definitions
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S5 MNCN Continuity Equations
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Full analytical solution impossible for large signal....

Oe D=q(p—n+N;—N;)
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—==0eJ, -

ot ¢ v Oy 9Q =1, g _%
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op_1_.. _

E‘ED ‘]P e +0p an_. Qp

ER
JP = qp,LlP£ —CIDPDp
Charge control equations:

Approximation when you have
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Where did the charge go?
1. Backto the left-hand side
2.  Recombine with the trap and the
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n(x,t)

Without Voltage Flipping?

forward bias,
minority carrier has been injected

Recombination>n(x,t)
exponentially dying out

majority carrier , X
R
Vo F e

dn @ P

— < 0

dx
n(xt) When voltage start to
dn o change, n(x,t) suddenly
dx bended downwards, dn/dx

change sign and current flip
x fromp->nton->p
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Large Signal Charge Control Model
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Large Signal Charge Control Model

n(x,t) Area under the
curve @ given
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Recombination
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TNy diff L L
ot 7, (netelectrons flowing in) — (recombination)
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1) Large signal response and charge control model
2) Turn-off characteristics

3) Turn-on characteristics

4) Other applications

5) Conclusion
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t<o Z==1,
i(® 2o (rme
=0 (Time
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a_Q Sy Q ' ,Independent)
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Why does the current remain constant ° :
even with $>0? b
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235 NCN Boundary Condition
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_:|i - t<Q0 —== - =0
o0 " at °

0Q _. Q 0Q . Q)
t

Q(07)=l¢7, =Q(0")

Note. For a capacitor, voltage can not change instantly.

So charge can not change instantly ... )
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Transient

VE = " ——VR

Since V; can’t be larger than the band gap,
which is smaller than Vg, the diode will be
forced to supply the negative current I,

33

X NCN Turn-off Transient
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See how the

n(x,t)
slope change

X
Approximately
constant!
O_Q:i_ _Q t>0 a—Q=—|R—9
at diff Tn t Tn
!
Q(ts) dQ ts
- ————=|dt
S:rJnM — Q(J(;+)_ | +2 J(;
I R + Q(ts)/ T, R T,
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Storage Time

=zl I, +Q(0")/r, =7 In I+ 1
l +QU) /T, I

Shorten it for
fast response!

N
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Turn-off

KT, n,(O;t)

U,(t)=—In
A q N

Qn(t) = Tp|h(—|R +(|R + IF)e—t/rp)

Allows easy calculation of n(0,t).
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Transient
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Recovery Time

tr
t  e” I
erf | =+ =1+0.1°F
T, [t B
TP

Useful formula ...

1.27+0.15 193

erf (\/;) =|1- e_x 1+0.15
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Recovery Time

Ref. Sze/Ng, p. 117
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Outline

1) Large signal response and charge control model
2) Turn-off characteristics

3) Turn-on characteristics

4) Other applications

5) Conclusion

e
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Turn-on Characteristics

. | ime
VE = B —T—VR
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0 9 >0 22, _Q
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1) large signal response and charge control model
2) turn-off characteristics

3) turn-on characteristics

4) other applications

5) conclusion
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Diffusion Time

aQ — | n (X t Q(0+)
ot P
n ® An(x,t) =C + Dx
l () No recombination
QO)-Q=w)
I, diff : X
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diff - >
i An,(0) 2D, (D, /W,) .
ab, w, TZ IS
Only half of them  Diffusion velocity
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U™ nanoilBare Diode Current
a =1, —2 np(X,t Q
t diff
Tn
l Iy — L
g = Q X
Z-diff
|
qxé i (quAﬁ _1) xW. ,
i _ Q _ A p _ q Dn ni (quAﬁ 1) EX&Ct
difft = T = ~ - il
' Ty sz Wp NA ExpreSSIOn.
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Large Signal pn-diode

Conclusion

Large signal response of devices of great importance for
digital applications.

Analytical solution of partial differential equation often
difficult (if not impossible), therefore approximate
methods like Charge-control approximation often help
simplify the solution and still provide a great deal of
insight into the dynamics of switching operation.

Be careful in using the boundary condition which is often
dictated by external circuit conditions.
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