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* We have looked at the DC behaviour of a pn junction diode so far. We now want to
consider V; (the applied voltage) varying with time.
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pn junction diode: AC and transient conditions

* We have looked at the DC behaviour of a pn junction diode so far. We now want to
consider V, (the applied voltage) varying with time.

* Two situations are of interest:

* Small-signal behaviour (AC): With V;(t) = Vpc + Vinsinwt, how does the current
vary with time when V, is “small?”

* Large-signal behaviour: The variation in the applied voltage is not small. In
particular, we are interested in the turn-off and turn-on transients.
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Vbc Vac

* Let V(t) = Vpc + Vpsinwt.

* If Vi is “small,” the current is also sinusoidal, i.e., i(t) = Ipc + Imsin(wt + ¢).
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Small-signal behaviour
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* Let V(t) = Vpc + Vpsinwt.
* If Vi is “small,” the current is also sinusoidal, i.e., i(t) = Ipc + Imsin(wt + ¢).

* In small-signal analysis, we are interested in the relationship between the sinusoidal parts
of the current and voltage, in particular, the ratio of the current and voltage phasors,
ImZp/VmZ0.
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Small-signal behaviour: reverse bias

* A pn junction diode conducts negligibly small current with a DC
reverse bias.
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Small-signal behaviour: reverse bias

* A pn junction diode conducts negligibly small current with a DC
reverse bias.

* With a time-varying applied reverse bias, it can conduct an
appreciable current.

* Consider a pn junction with V, = —Vg, i.e., a reverse bias of Vg. If
Vg is increased to Vi + A Vg, the depletion width must change
from W to W 4+ AW.
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Small-signal behaviour: reverse bias

* A pn junction diode conducts negligibly small current with a DC
reverse bias.

* With a time-varying applied reverse bias, it can conduct an
appreciable current.

* Consider a pn junction with V, = —Vg, i.e., a reverse bias of Vg. If
Vg is increased to Vi + A Vg, the depletion width must change
from W to W+ AW.

* This change is made possible by removal of majority carriers.
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Small-signal behaviour: reverse bias
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* Movement of majority carriers is relatively fast, and the time scale

. . S
involved is ~ 7= —— for electrons.
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For n=10'%cm~3, 11, = 1000 cm?/V-s, ¢s = 11.7¢p, 7= 0.6 ps, which is
negligibly small for all practical purposes.
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Small-signal behaviour: reverse bias W
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Small-signal behaviour: reverse bias W
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Small-signal behaviour: reverse bias
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Small-signal behaviour: reverse bias W
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Small-signal behaviour: reverse bias W
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Small-signal behaviour: reverse bias W
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Small-signal behaviour: reverse bias

Wi+ Vg = 7/ S(X)dX
*p
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Small-signal behaviour: reverse bias

Voi + VR = — E(x)dx
X
Xn

Wi+ VR + AVg = — S,(X)dX
%
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Small-signal behaviour: reverse bias

Wi+ Vg = — g(X)dX

p

Wi+ VR + AVg = — / S(X

S AV = — /(5(X _£(x)d /Agx)dx
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Small-signal behaviour: reverse bias

Wi+ Vg = — g(X)dX

p

Wi+ VR + AVg = — / S(X

S AV = — /(5(X _£(x)d /Agx)dx

= A&W as AVg — 0V.

M. B. Patil, IIT Bombay

A B’
? ? A i
i i D' c
¥ p
p n
X5 | %p Xj Xn| XL
—[";qu
— - 0
P 0
—qNa:'
W, W,
0
—",.' &
L) l 0
NN AE [Agg
aNy
A —-I
! 0
—gN, U




Small-signal behaviour: reverse bias

Voi + VR = — /5
Voi + VR + AVR = — /S(x

S AV = — /(g(x _£(x)d /Agx)dx

= A&W as AVg — 0V.

AQ, the total charge in the Gaussian box between AA’D’D
and BB’ C'C, is given by

AQ:es?{E~dS:AeSA&).
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Small-signal behaviour: reverse bias

Wi+ Vg = — S(X)dX

p

Wi+ VR + AVg = — / S(X

S AV = — /(g(x _£(x)d /ASx)dx

— A&W as AVg — 0V.
AQ, the total charge in the Gaussian box between AA’D’D
and BB’ C'C, is given by

AQ:esy{E~dS:AesA&).

AQ

_Aes
AVg - ’

— CJ =
Avg—o W

C; is called the “junction capacitance” or “depletion layer
capacitance.”
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VR + Vpsin wt Ioc + lmsin (wt + «)

For an abrupt, uniformly doped silicon pn junction, with N; = 107 em—3 and Nyg=2x 10 cm—3, and
area = 0.01 cm?, calculate the capacitance (i.e., the differential capacitance) for an applied reverse bias of
Vg =2V (T =300K).
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VR + Vpsin wt Ioc + lmsin (wt + «)

For an abrupt, uniformly doped silicon pn junction, with N; = 107 em—3 and Nyg=2x 106 em—3, and
area = 0.01 cm?, calculate the capacitance (i.e., the differential capacitance) for an applied reverse bias of
Vg =2V (T =300K).

Solution: The built-in voltage is

KT NaN,
Vi = — Iog< 2 d> =0.77V.
n

q 2

i
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Example « : : «

<
VR + Vpsinwt Ioc + lmsin (wt + «)

For an abrupt, uniformly doped silicon pn junction, with N; = 107 em—3 and Nyg=2x 106 em—3, and
area = 0.01 cm?, calculate the capacitance (i.e., the differential capacitance) for an applied reverse bias of
Vg =2V (T =300K).

Solution: The built-in voltage is

kT <Na'2V"> =0.77V.
m;

Vi = — log
q

2¢ Ny + Ny

The depletion width for Vg =2V is W =
q  NaNy

(Vi + Vg) = 0.464 um.
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For an abrupt, uniformly doped silicon pn junction, with N; = 107 em—3 and Nyg=2x 106 em—3, and
area = 0.01 cm?, calculate the capacitance (i.e., the differential capacitance) for an applied reverse bias of
Vg =2V (T =300K).

Solution: The built-in voltage is

kT NaN,
Voi = — log [ —52 | =0.77V.
q n;

2¢ Ny + Ny

The depletion width for Vg =2V is W =
q  NaNy

(Vi + Vg) = 0.464 um.

Aes  0.0lcm? x 11.7 X 8.85 x 10~ F/cm
wo 0.464 x 10~*cm

Capacitance C; =
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For an abrupt, uniformly doped silicon pn junction, with N; = 107 em—3 and Nyg=2x 106 em—3, and
area = 0.01 cm?, calculate the capacitance (i.e., the differential capacitance) for an applied reverse bias of
Vg =2V (T =300K).

Solution: The built-in voltage is

kT NaN,
Voi = — log [ —52 | =0.77V.
q n;
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VR + Vpsinwt Ioc + lmsin (wt + «)

For an abrupt, uniformly doped silicon pn junction, with N; = 107 em—3 and Nyg=2x 106 em—3, and
area = 0.01 cm?, calculate the capacitance (i.e., the differential capacitance) for an applied reverse bias of
Vg =2V (T =300K).

Solution: The built-in voltage is

kT NaN,
Voi = — log [ —52 | =0.77V.
q n;

2¢ Ny + Ny

The depletion width for Vg =2V is W =
q  NaNy

(Vi + Vg) = 0.464 um.

Aes  0.0lcm? x 11.7 X 8.85 x 10~ F/cm
W 0.464 x 10—%cm
=223x10"10F

= 0.223nF.

Capacitance C; =
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VR 4+ Vmsinwt Ioc + Imsin (wt + @)

For a silicon n+p junction, N; = 10 cm—3, and area =0.01cm?2. Plot
Cy versus V, for =5V < V,; < —0.1V. Also, plot 1/CJ2 versus V5. What
information can one obtain from the second plot? Take W, ~0.9V.
(T =300K)



Example s . . s

&
VR 4+ Vmsinwt Ioc + Imsin (wt + @)

For a silicon np junction, N; = 10 cm—3, and area =0.01cm?2. Plot
C, versus V; for =5V < V, < —0.1V. Also, plot 1/C3 versus V,. What
information can one obtain from the second plot? Take W, ~0.9V.
(T =300K)

Solution: The junction capacitance is given by

A N,
C)="15 — pegy | — 92
W 255(Vbi — Va)




Example s . . s

&
VR 4+ Vmsinwt Ioc + Imsin (wt + @)

For a silicon np junction, N; = 10 cm—3, and area =0.01cm?2. Plot
C, versus V; for =5V < V, < —0.1V. Also, plot 1/C3 versus V,. What
information can one obtain from the second plot? Take W, ~0.9V.
(T =300K)

Solution: The junction capacitance is given by

Aes qNa

= = Aesy | ———.
W 255(Vbi — Va)

1 1 2es(Vp — Va) 2

= = = Vo — Va).
2 (Aes)? qN. qNaesA2( bi = Va)




Example s . . s
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VR 4+ Vmsinwt Ioc + Imsin (wt + @)

For a silicon np junction, N; = 10 cm—3, and area =0.01cm?2. Plot
C, versus V; for =5V < V, < —0.1V. Also, plot 1/C3 versus V,. What
information can one obtain from the second plot? Take W, ~0.9V.
(T =300K)

Solution: The junction capacitance is given by
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For a silicon np junction, N; = 10 cm—3, and area =0.01cm?2. Plot
C, versus V; for =5V < V, < —0.1V. Also, plot 1/C3 versus V,. What
information can one obtain from the second plot? Take W, ~0.9V.

(T =300K)

Solution: The junction capacitance is given by

A N
C) =29 —peg ) — 9%

W 255(Vbi — Va)
1 _ 1 ZES(Vbi - Va) _ 2 (V
2 (Aes)? qN. T gNaesAZ P
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VR 4+ Vmsinwt Ioc + Imsin (wt + @)

For a silicon np junction, N; = 10 cm—3, and area =0.01cm?2. Plot
C, versus V; for =5V < V, < —0.1V. Also, plot 1/C3 versus V,. What
information can one obtain from the second plot? Take W, ~0.9V.

(T =300K)

Solution: The junction capacitance is given by

A N
C) =29 —peg ) — 9%

W 255(Vbi — Va)
1 _ 1 ZES(Vbi - Va) _ 2 (V
2 (Aes)? qN. T gNaesAZ P

Va).

— l/CJ2 versus V;: Slope gives Nj; x-intercept gives V.
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What is meant by “small-signal” condition?

Vbc Vac

Small signal — With a sinusoidal input, the output (voltage or current) should

also be sinusoidal, i.e., it should not be distorted.
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What is meant by “small-signal” condition?

Vbc Vac

t t

Small signal — With a sinusoidal input, the output (voltage or current) should
also be sinusoidal, i.e., it should not be distorted.

dQ Acs K qN, N,

oy = . with K = Aeg, [—1 29
dve  W(V,) Vo — V. 2es(Na + Ng)

a

For a reverse-biased pn junction, C; =
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What is meant by “small-signal” condition?

Vbc Vac

t t

Small signal — With a sinusoidal input, the output (voltage or current) should
also be sinusoidal, i.e., it should not be distorted.

d Aés K Na N,
For a reverse-biased pn junction, C; = —Q = € = , with K = Aes ¥.
dV, W(Va) Vii — Vs 2es(Na + Ny)
d dQ dV.
With V,(t) = —(Vg + Vimsinwt), i(t) = d—? = d\i d: = Cj(Va) X (—wVm coswt).
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What is meant by “small-signal” condition?

Vbc Vac

t t

Small signal — With a sinusoidal input, the output (voltage or current) should
also be sinusoidal, i.e., it should not be distorted.

d Aés K Na N,
For a reverse-biased pn junction, C; = —Q = € = , with K = Aes ¥.
dV, W(Va) Vii — Vs 2es(Na + Ny)
d dQ dV.
With V,(t) = —(Vg + Vimsinwt), i(t) = d—? = d\i d: = Cj(Va) X (—wVm coswt).

— i(t) is sinusoidal if C; can be treated as a constant.
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What is meant by “small-signal” condition?

Vbc Vac

t t

Va(t)=—(Vg + Vmsinwt) = —(Vg + Vi) < va < —(Vg — V).
K K

min _ max _
M=, (™=

Vet Ve+ Ve Vet Ve — Vi

M. B. Patil, IIT Bombay



What is meant by “small-signal” condition?

Vbc Vac

t

Va(t)=—(Vg + Vmsinwt) = —(Vg + Vi) < va < —(Vg — V).
CJmin — K Cmax — K

Vet Ve+ Ve Vet Ve — Vi

Consider one of these two extreme values,

max __
P =

1 Vm

K K 1 K (
VVi+ VR =V Ve + Vg - Vi vV Voi + Vg
Voi + VR

5 Vi + VR

).
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What is meant by “small-signal” condition?

Vbc Vac

t

Va(t)=—(Vg + Vmsinwt) = —(Vg + Vi) < va < —(Vg — V).
CJmin — K Cmax — K

Vet Ve+ Ve Vet Ve — Vi

Consider one of these two extreme values,

Crax = K = K x ! ~ K (1 41 _Ym )
! VWi + VR =V Vo + Vg 1 Vm VWi + Vg 2 Wi+ Vr/
Voi + VR
V,
fF—" <1, Cj can be treated as a constant.
2 (Voi + VR)
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What is meant by “small-signal” condition?

Vi
* Small-signal condition: ———— < 1.
2(Vhi + VR)



What is meant by “small-signal” condition?

v1 (Volts)
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* Small-signal condition: < 1.

2(Vhi + VR)



What is meant by “small-signal” condition?

,0_057 L L L 70_47””\””\””\””
0 5 10 15 20 0 5 10 15 20
t (pusec) t (pusec)
* Small-signal conditi Y <1
mall-signal condition: ————— .
2 (Vpi + VR)
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What is meant by “small-signal” condition?

,0_057 L L L 70_47””\””\””\””
0 5 10 15 20 0 5 10 15 20
t (pusec) t (pusec)
* Small-signal conditi Y <1
mall-signal condition: ————— .
2 (Vpi + VR)

* |f the small-signal condition is not satisfied, i(t) shows distortion.
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Small-signal behaviour: reverse bias

(™
=
J

0.5

0.4

0.3F

0.2F

0.1F

Va (V)
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Small-signal behaviour: reverse bias

05 .
+ v() — 04L ;’r
pln i
i(t) o 03¢
J 02k
01F
VDC V/\C
1 1 1 1 1

0
-5 —4 -3 -2 -1 0 1
Va (V)

* The voltage-dependent capacitance provided by a reverse-biased pn junction is useful in

practice.
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Small-signal behaviour: reverse bias

* The voltage-dependent capacitance provided by a reverse-biased pn junction is useful in

practice.

* Specially designed diodes called “varactors” (variable reactors) are used in applications

such as voltage-variable tuning, mixing, detection, etc.

0.5
0.4F
o 03
£
J o020
0.1F
1
5 -4 -3 -2 -1
Va (V)
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Small-signal behaviour: reverse bias

* The voltage-dependent capacitance provided by a reverse-biased pn junction is useful in

practice.

* Specially designed diodes called “varactors” (variable reactors) are used in applications

such as voltage-variable tuning, mixing, detection, etc.
* In these devices, the doping density profiles are designed so as to get a large capacitance

change for a small change in reverse bias.

0.5

0.4F
o 03
£
J o020

0.1F

5 -4 -3 -2 -1
Va (V)
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pn junction under bias: small-signal model
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pn junction under forward bias: small-signal model

* p(xn) = pro (V/V7 — 1), n(xp) = npo (€"+/VT —1).
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pn junction under forward bias: small-signal model

Npo

* p(xn) = pro (V/V7 — 1), n(xp) = npo (€"+/VT —1).

* |If the applied voltage is increased from V, to (V, + AV,;), the carrier densities would also
increase.
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pn junction under forward bias: small-signal model

Npo

* p(xn) = pno (€¥2/VT —1), n(xp) = npo (eYo/V7T —1).

* |If the applied voltage is increased from V, to (V, + AV,;), the carrier densities would also
increase.

* At low frequencies, the minority carrier profiles change in synchronisation with V,(t).
— The Shockley equation can be used, with V, — vi(t), I — i(t),
ie., i(t)=Is [e‘/a(t)/vT - 1] ~ Is eva(D)/ VT

M. B. Patil, IIT Bombay



pn junction under forward bias: small-signal model

i Vpc + Vmsinwt Ve Vmsinwt Vmsinwt
i(t) = lsexp — V. )= Is exp el )= Ipc exp V)
T T T T



pn junction under forward bias: small-signal model

i Vpc + Vmsinwt Ve Vmsinwt Vmsinwt
i(t) = lsexp — V. )= Is exp el )= Ipc exp V)
T T T T

Vmsinwt) ~14 Vmsinwt7
Vr Vr

If Vip < V7, exp(



pn junction under forward bias: small-signal model

i Vpc + Vmsinwt Ve Vmsinwt Vmsinwt
i(t) = lsexp — V. )= Is exp el )= Ipc exp V)
T T T T

Vmsinwt) ~14 Vmsinwt7
Vr Vr

If Vip < V7, exp(
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Vr



pn junction under forward bias: small-signal model

i Vpc + Vmsinwt Ve Vmsinwt Vmsinwt
i(t) = lsexp — V. )= Is exp el )= Ipc exp V)
T T T T

Vmsinwt) ~14 Vmsinwt7
Vr Vr

If Vip < V7, exp(

]
(t)floc—i— Vmsmwt—H—D—CV

Vr
) L . Vr
— The Iow—frequency small-signal model of a diode is a resistance ry = e
DC



pn junction under forward bias: small-signal model

<,
Vbc Vac + Vv

i Vpc + Vmsinwt Ve Vmsinwt Vmsinwt
i(t) = lsexp — V. )= Is exp el )= Ipc exp V)
T T T T

Vmsinwt) ~14 Vi sinwt

If Vip < V7, exp(

VT vr
/
(t)floc—i— Vmsmwt—H—D—CV
Vr
%
— The Iow—frequency small-signal model of a diode is a resistance ry = I—T
DC
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pn junction under forward bias: small-signal model

<,
Vbc Vac + Vv

i Vpc + Vmsinwt Ve Vmsinwt Vmsinwt
i(t) = lsexp — V. )= Is exp el )= Ipc exp V)
T T T T

Vmsinwt) ~14 Vi sinwt

If Vip < V7, exp(

VT vr
/
(t)floc—i— Vmsmwt—H—D—CV
Vr
%
— The Iow—frequency small-signal model of a diode is a resistance ry = I—T
DC
25.9mV
Example: T=300K, Ipc =1 mA — ry= % —25.90Q.
m
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pn junction under forward bias: small-signal model

<,
Vbc Vac + Vv

i Vpc + Vmsinwt Ve Vmsinwt Vmsinwt
i(t) = lsexp — V. )= Is exp el )= Ipc exp V)
T T T T

Vm sinwt Vm sinwt
IfV,,,<<V7—,exp< m sin w )z1+ m sin w

VT vr
/
(t)floc—i— Vmsmwt—H—D—CV
Vr
%
— The Iow—frequency small-signal model of a diode is a resistance ry = I—T
DC
25.9mV
Example: T=300K, Ipc =1 mA — ry= % —25.90Q.
m

rq is small, compared to typical resistance values used in electronics (~ kQ).
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Example

Q)

Vbc Vac + v —
For a silicon pn diode, Is = 1013 A. Consider Va(t) = 0.6V + Vi, sinwt. Assume that the frequency is low
enough so that the minority carrier profiles can follow V;(t).

Plot the diode current i(t) using (a) the Shockley equation, (b) the low-frequency small-signal model.
Consider two values of Vp: 2mV and 10mV (T =300K).
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Example

<,
Vbc Vac + v —

For a silicon pn diode, Is = 1013 A. Consider Va(t) = 0.6V + Vi, sinwt. Assume that the frequency is low
enough so that the minority carrier profiles can follow V;(t).

Plot the diode current i(t) using (a) the Shockley equation, (b) the low-frequency small-signal model.
Consider two values of Vp: 2mV and 10mV (T =300K).

Vpc + Vmsin wt)

(a) i(t) =~ Isexp ( Y;
-
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Example

<,
Vbc Vac + v —

For a silicon pn diode, Is = 1013 A. Consider Va(t) = 0.6V + Vi, sinwt. Assume that the frequency is low

enough so that the minority carrier profiles can follow V;(t).

Plot the diode current i(t) using (a) the Shockley equation, (b) the low-frequency small-signal model.

Consider two values of Vp: 2mV and 10mV (T =300K).

(a) i(t) =~ Isexp (w)
Vr

V,
() Ipc ~ Is exp <£>
Vr
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Example

<,
Vbc Vac + v —

For a silicon pn diode, Is = 1013 A. Consider Va(t) = 0.6V + Vi, sinwt. Assume that the frequency is low
enough so that the minority carrier profiles can follow V;(t).

Plot the diode current i(t) using (a) the Shockley equation, (b) the low-frequency small-signal model.
Consider two values of Vp: 2mV and 10mV (T =300K).

@) i(t) ~ s exp (w)

Vr
V,
() Ipc ~ Is exp <£>
Vr
Vr . Vmsinwt
rg = —— — lac = ,
Ipc rq
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Example

<,
Vbc Vac + v —

For a silicon pn diode, Is = 1013 A. Consider Va(t) = 0.6V + Vi, sinwt. Assume that the frequency is low
enough so that the minority carrier profiles can follow V;(t).

Plot the diode current i(t) using (a) the Shockley equation, (b) the low-frequency small-signal model.
Consider two values of Vp: 2mV and 10mV (T =300K).

Vpc + Vmsin wt)

(a) i(t) =~ Isexp ( Y;
-

%
() Ipc ~ Is exp (%)

T
Vr . Vmsinwt
g = — —lgc = ——,
Ipc rd
i(t)z Ipc + iac.
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Example

1

i(mA)

3

Vm=2mV

—— Shockley eq.
— AC model

1.1l

Ipc

2T




Example

1

i(mA)

Vi =10mV

3 | —— Shockley eq. Vi =2mV 18 L
— AC model
1.2 <12
I Inc -
1.1l ‘ ‘ 0.6
T 2T

Ipc

2T
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Example

Vi =10mV

+ v(t) — 1.3 L —— Shockley eq. Vi =2mV 18 t
— AC model
(p]n]
i(t = <
®) T 12 T 12
AR ~) _ v )
o j —
Vbce Vac I S e s ! 0.6
0 T 2T

If Vi is not small compared to V7,
* The diode current waveform is significantly distorted.

Ipc

2T
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Example

Vi =10mV

4+ v(t) — 13 L —— Shockley eq. Vo =2mV 18 |
— AC model
(p]n}

i(t —~ —

0 215 2.,
O R _ e -
N2 [ i

Vbc Vac S P B B ‘ 0.6
0 T 2T

If Vi is not small compared to V7,
* The diode current waveform is significantly distorted.

* The small-signal model is not accurate.

Ipc

2T
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High-frequency small-signal model (forward bias)

Vbc Vac




High-frequency small-signal model (forward bias)

Vbc Vac

* At high frequencies, the carrier profiles cannot
follow changes in the applied voltage, and the
minority-carrier continuity equation needs to be
solved to obtain
p(x, t) on the n-side and
n(x,t) on the p-side.



High-frequency small-signal model (forward bias)

t —
i@ T
(p]n}
Vbc Vac
Npo Pno
* At high frequencies, the carrier profiles cannot
follow changes in the applied voltage, and the
. . . _ . x10* cm—3
minority-carrier continuity equation needs to be n
solved to obtain 2
p(x, t) on the n-side and 1
n(x, t) on the p-side. . o
-
" %
0=
time 40 0.1

(/ZSEC)
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High-frequency small-signal model (forward bias)

t —
i T v(t)
{p]n]
Vbc Vac
Npo Pno
* At high frequencies, the carrier profiles cannot
follow changes in the applied voltage, and the
. . . _ . x10* cm—3
minority-carrier continuity equation needs to be n
solved to obtain 2
p(x, t) on the n-side and 1
n(x, t) on the p-side. . o
. . . e
* Using the above solution, the small-signal model - X;
can be derived.! 05— _
time 40 0.1

(/ZSEC)

IM. Shur, Physics of Semiconductor Devices. New Delhi: Prentice-Hall India, 1990.
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High-frequency small-signal model (forward bias)

lpc +i (t) C_]
i(t)
N Il
1 = s
+ Vpoc +va(t)  — Go
_,V\/\l_
+ va(t) —

M. B. Patil, IIT Bombay



High-frequency small-signal model (forward bias)

lpc +i (t) C_]
i(t)
N Il
1 = s
+ Vpoc +va(t)  — Go
_,V\/\l_
+ va(t) —

* Cj is the depletion capacitance.
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High-frequency small-signal model (forward bias)

lpc +i (t) C_]
i(t)
N Il
1 = s
+ Vpoc +va(t)  — Go
_,V\/\l_
+ va(t) —

* Cj is the depletion capacitance.

* Gp and Cp arise from diffusion of minority carriers.
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High-frequency small-signal model (forward bias)

lpc +i (t) C_]
i(t)
N Il
1 = s
+ Vpoc +va(t)  — Go
_,V\/\l_
+ va(t) —

* Cj is the depletion capacitance.
* Gp and Cp arise from diffusion of minority carriers.

* For a pTn junction,
GO( )1/2 Go ( )1/2
Gp = — 1+ (wrp)?2+1 , Cp=—— 1+ (wrp)2—1 ,
0= (wTp) b=V (wTp)

/ V . .
where Gy = V—s exp (%) is the low-frequency conductance seen earlier.
T T
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Ipc +i (t) Cy
i(t)
X = o
+ VDC +Va(t) — Gp
L AAA—
+ va(t)  —

For a silicon pn diode at 300K, Vi, =0.72V, s =1 x 1013 A, and the junction capacitance
C;=340pF at Vpc =0V. Assume 7, =1.5 us.
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Ipc +i (t) Cy
i(t)
X = o
+ VDC +Va(t) — Gp
L AAA—
+ va(t)  —

For a silicon pn diode at 300K, Vi, =0.72V, s =1 x 1013 A, and the junction capacitance
C;=340pF at Vpc =0V. Assume 7, =1.5 us.

(a) For f =1kHz, plot C; and Cp versus Vp¢ for 0V < Vpe < 0.65V. Also, show
(C; + Cp) on the same plot.
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Ipc +i (t) Cy
i(t)
X = o
+ VDC -+ Va(t) — Gp
L AAA—
+ va(t)  —

For a silicon pn diode at 300K, Vi, =0.72V, s =1 x 1013 A, and the junction capacitance
C;=340pF at Vpc =0V. Assume 7, =1.5 us.

(a) For f =1kHz, plot C; and Cp versus Vp¢ for 0V < Vpe < 0.65V. Also, show
(C; + Cp) on the same plot.

(b) For f =1kHz, plot Gp versus Vpc for 0V < Vpe < 0.65V.
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Ipc +i (t) Cy
i(t)
X = o
+ VDC -+ Va(t) — Gp
L AAA—
+ va(t)  —

For a silicon pn diode at 300K, Vi, =0.72V, s =1 x 1013 A, and the junction capacitance
C;=340pF at Vpc =0V. Assume 7, =1.5 us.

(a) For f =1kHz, plot C; and Cp versus Vp¢ for 0V < Vpe < 0.65V. Also, show
(C; + Cp) on the same plot.

(b) For f =1kHz, plot Gp versus Vpc for 0V < Vpe < 0.65V.

(c) Find Gpg and Cpg, the values of Gp and Cp, respectively, as w — 0.
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Ipc +i (t) Cy
i(t)
X = =
+ VDC -+ Va(t) — Gp
L AAA—
+ va(t)  —

For a silicon pn diode at 300K, Vi, =0.72V, s =1 x 1013 A, and the junction capacitance
C;=340pF at Vpc =0V. Assume 7, =1.5 us.

(a) For f =1kHz, plot C; and Cp versus Vp¢ for 0V < Vpe < 0.65V. Also, show
(C; + Cp) on the same plot.

(b) For f =1kHz, plot Gp versus Vpc for 0V < Vpe < 0.65V.
(c) Find Gpg and Cpg, the values of Gp and Cp, respectively, as w — 0.

(d) For Vpec=0.6V, plot Gp/Gpg and Cp/Cpg versus f for 10Hz < f < 1 MHz.
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Ipc +i (t) Cy
i(t)
X = =
+ VDC -+ Va(t) — Gp
L AAA—
+ va(t)  —

For a silicon pn diode at 300K, Vi, =0.72V, s =1 x 1013 A, and the junction capacitance
C;=340pF at Vpc =0V. Assume 7, =1.5 us.

(a) For f =1kHz, plot C; and Cp versus Vp¢ for 0V < Vpe < 0.65V. Also, show
(C; + Cp) on the same plot.

(b) For f =1kHz, plot Gp versus Vpc for 0V < Vpe < 0.65V.

(c) Find Gpg and Cpg, the values of Gp and Cp, respectively, as w — 0.

(d) For Vpec=0.6V, plot Gp/Gpg and Cp/Cpg versus f for 10Hz < f < 1 MHz.

(e) For Vpc=0.6V, plot Gp and w(C, + Cp) versus frequency for 10Hz < f < 1 MHz.

M. B. Patil, IIT Bombay



1072

(a)f=1kHz

0 01 02 03 04 05 06 07
Ve (V)
10
(c)Vpe =0.6V
GD/GD/
1
CD/CDO
0.1 | | I |
10! 102 10° 10* 10°  10°
f(Hz)

10°

10712

10°

10°°

(b) f=1kHz
Gp
Il Il Il Il Il Il
0 01 02 03 04 05 06 07
Ve (V)
(d)Vpe =0.6V
Gp
w(Cp+Cy)
L L L L
ot 102 10° 10* 10°  10°
f(Hz)
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1072 10°
(a) f=1kHz (b)f=1KHz
Gp
Ipc +i(t) r
N L
1%
-+ Voc +va(t) — =
10712 L L L L L L
H 0O 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
. G Vpe (V) Voe (V)
it) | 10 10°
e, (c)Vpc =06V (d)Vpe =0.6V
L Soaan | Go/Goo 3 Go
+ v.(t) — ) >/
5\ “G+ Q)
Cp/Coo E
0.1 I I I I 10°° I I I I
10t 102 10*°  10*  10°  10° 10t 102 10°  10*  10°  10°
f(Hz) f(Hz)
Ae K Cy(V Vi
* C)= S — J(Voe) = bi — Cj Tas Vpc T~
W/ Vi — Ve (0Vv) Vibi — Ve
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1072 10°
(a) f=1kHz (b)f=1KHz
Gp
Ipc +i(t) r
~ L
%
-+ Voc +va(t) — L
10712 L L L L L L
H 0O 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
) ¢ Voc (V) Voc (V)
it) | 10 10°
Ir () Vpe =0.6V (d)Vpe =06V
L Soaan | Go/Goo 3 Go
+own - y
1 L
w(Cp+Cy)
Cp/Coo E
0.1 I I I I 10°° I I I I
10 102 10°  10*  10°  10° 10 102 10°  10*  10°  10°
f(Hz) f(Hz)
G 1/2 I V, I
*CD:—O /14 (wrp)2—1 , Go= — exp ~be :£—>CDTaSVDCT
w2 Vr Vr Vr
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1072

(a)f=1kHz

0 01 02 03 04 05 06 07
Ve (V)
10
(c)Vpe =0.6V
GD/GD/
1
CD/CDO
0.1 | | I |
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f(Hz)

10°

10712
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10°°
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102

(a)f=1kHz
Ipc +i(t)
N
1%
-+ Voc +va(t) —
H 0O 01 02 03 04 05 06 07
) G Vpe (V)
i(t) N 10
1c (c)Vpe=0.6V
D
j’\/V\ri GD/GDO
+ vi(t) — ) >/
CD/CDO
0.1 | | | |
10 102 10°  10*  10°  10°
f(Hz)

10°
(b) f=1kHz
Gp
10712 I I I I I I
0 01 02 03 04 05 06 07
Voe (V)
10°
(d) Ve =0.6V,
Gp
w(Cp+Cy)
10°° I I I I
ot 10> 10°  10*  10°  10°

f(Hz)

* C; dominates at low Vp¢, Cp dominates at high Vpc.
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1072 10°
(a)f=1kHz (b) f=1kHz

Gp
Ipc +i(t) r
N L
1%
+ Voc +va(t) — -
10712 I I I I I I
H 0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
G Voc (V) Voc (V)
it) N 10 10°
Iros (c) Vpe =06V  (d) Voc =06V
Gp Gp

—ANWN— GD/GDO L
+ va(t) - 1 >/
5\ (Cp+Cl)
Co/Coo 3

0.1 I I I I 10°° I I I I
10! 102 10° 10* 105 10° 10t 102 10° 10* 10°  10°
f(Hz) f(Hz)

G [ T, 1/2 Go /2 Is Ve
Gp = — 1 241 , Cp= —— 1 21 , Gp = — ).
T V2 ( )+ ) v wv/2 ( (@) ) o Vr exp( Vr )

— Both Gp and Cp increase exponentially with Vpc.
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(a)f=1kHz (b) f=1kHz

Gp
Ipc +i(t) r
N L
1%
+ Voc +va(t) — -
10712 I I I I I I
H 0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
) G Vpe (V) Vo (V)
it) N 10 10°
Iros (c) Vpe =06V  (d) Voc =06V
Gp Gp

—ANWN— GD/GDO L
+ va(t) - 1 >/
5\ (Cp+Cl)
Co/Coo 3

0.1 I I I I 10°° I I I I
10! 102 10° 10* 105 10° 10t 102 10° 10* 10°  10°
f(Hz) f(Hz)

e T A > N\ ks Vbce
* GDf\ﬁ(‘/1+(pr) +1) , CDer/E 1+ (wrp)?—1 . Gofv—_rexp Vv, )

G 1
For wrp < 1, Gp — Go, Cp — 02TP (oV/1+ (wrp)2~ 1+ 5 (wTp)?).
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10°

(b) f=1kHz
L <
Ipc +i(t) r
~ L
1
+ Vbc +Va(t) — L
10712 L L L L L L
H 0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
) G Vpce (V) Voc (V)
i) N 10 10°
Iron () Vpe =06V F(d) Vo =06V
G
LA — Gp/Gpo L Go
+owm - y
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5\ “G+ Q)
Cp/Coo E
0.1 I I I I 10°° I I I I
10 102 10°  10*  10°  10° 10 102 10°  10*  10°  10°
f(Hz) f(Hz)
Go ( e Go Y2 ls Vbc
* Gp = — 1+ (wr 2+1) , Cp= —— 1+ (wmp)2—1 , Go= —exp|— ).
2 (V1 em) 2 (Vi+m) vooe (4
1
At high frequencies, Gp o< v/w, Cp o —.
Vw M. B. Patil, IIT Bombay



1072

(a)f=1kHz

0 01 02 03 04 05 06 07
Ve (V)
10
(c)Vpe =0.6V
GD/GD/
1
CD/CDO
0.1 | | I |
10! 102 10° 10* 10°  10°
f(Hz)

10°

10712

10°

10°°

(b) f=1kHz
Gp
Il Il Il Il Il Il
0 01 02 03 04 05 06 07
Ve (V)
(d)Vpe =0.6V
Gp
w(Cp+Cy)
L L L L
ot 102 10° 10* 10°  10°
f(Hz)
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1072 10°

(a) f=1kHz (b)f=1KHz
Gp
Ipc +i(t) r
~N L
1%
-+ Voc +va(t) — =
10712 I I I I I I
H 0O 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
Cy Vpce (V) Voc (V)
it) | 10 10°
e, (c)Vpc =06V (d)Vpe =0.6V
L Soaan | Go/Goo 3 Go
+ v.(t) — ) >/
w(Cp+Cy)
Co/Coo 3
0.1 I I I I 10°° I I I I
10t 100 10 10 10°  10° 10t 100 10 10 10°  10°
f(Hz) f(Hz)

* For Vp=0.6V, the conductance Gp dominates for this device.
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1072 10°

(a) f=1kHz (b) f=1kHz
Gp
Ipc +i(t) r
~ L
1%
+ Vbc +Va(t) — L
10712 I I I I I I
|l 0O 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
e, Ve (V) Voc (V)
i), N 10 100
Lron () Vpe =06V (d)Vpe =06V,
L Soaan | Go/Goo i Go
+ow - y
1 L
w(Cp+Cy)
Co/Coo 3
0.1 I I I I 10°° I I I I
10t 100 10 10 10°  10° 10t 100 10 10 10°  10°
f(Hz) f(Hz)
* For Vp=0.6V, the conductance Gp dominates for this device.
G 2 G,
Home work: Show that (a) For wr, < 1, =L - = (b) For wrp > 1, =L 1
wCp wTp wCp
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pn junction diode: large-signal behaviour
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pn junction diode: la

* There are major differences between forward and

reverse bias:
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pn junction diode: la

* There are major differences between forward and

reverse bias:

-signal behaviour

- The depletion region is wider in reverse bias.
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pn junction diode: large-signal behaviour

* There are major differences between forward and
reverse bias:

- The depletion region is wider in reverse bias.
- The hole density at x, is much larger in forward
bias.

M. B. Patil, IIT Bombay

10

108
8 -

104 L
6L

1071
2+ 10°
0 10
10

10'8
gL

14 [
l 10 [P ] n |
10 [
4L 10
2+ 10°
(in 107 cm3)
0 I h L L 2 |
19.96 19.98 20 20.02 20.04 20.06 100 120
x (pum)




pn junction diode: large-signal behaviour

10
* There are major differences between forward and 1018
reverse bias: 81
. L . 10
- The depletion region is wider in reverse bias. 6L
- The hole density at x, is much larger in forward 100
bias. i
oo
- The total minority carrier charge q/ p(x)dxis 2 10°
Xn
also much larger in forward bias. 0 102
10
10*
8k
14
ol 10 ] » ]
P 10 B
Al 10}
ol 10°

(in 107 cm3)

I L 2

0 L 1
19.96 19.98 20 20.02 20.04 20.06
x (pum)

100 120
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pn junction diode: large-signal behaviour

10
* There are major differences between forward and 1018
reverse bias: 81
. L . 10
- The depletion region is wider in reverse bias. 6L
- The hole density at x, is much larger in forward 100
bias. i
oo
- The total minority carrier charge q/ p(x)dxis 2 10°
Xn
also much larger in forward bias. 0 102
10
* For the diode to change from f.b. to r.b. 1018

(or vice versa), large changes within the device are 8
required. These transients are called 104 - “

. . 6
“large-signal” transients. p =
101 -
4b
ol 10°

(in 107 cm3)

I L 2

0 L 1
19.96 19.98 20 20.02 20.04 20.06
x (pum)

100 120
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pn junction diode: large-signal behaviour

10
* There are major differences between forward and 1018
reverse bias: 81
. L . 10
- The depletion region is wider in reverse bias. 6L
- The hole density at x, is much larger in forward 100
bias. i
oo
- The total minority carrier charge q/ p(x)dxis 2 10°
Xn
also much larger in forward bias. 0 102
10
* For the diode to change from f.b. to r.b. 1018

(or vice versa), large changes within the device are 8

. : 14 [

r“eqwred.. Th:ase tra.nS|ents are called 6l 10 “
large-signal” transients. p

101 -

* We will consider a representative circuit and look
at the turn-on and turn-off transients. oL 10°
(in 107 cm3)

I L 2

0 L 1
19.96 19.98 20 20.02 20.04 20.06
x (pum)

100 120
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pn junction diode: large-signal behaviour

* Turn-off: switch changes from position 1 to 2.

* Turn-on: switch changes from position 2 to 1.



pn junction diode: large-signal behaviour

* Turn-off: switch changes from position 1 to 2.

* Turn-on: switch changes from position 2 to 1.
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Turn-off transient |

i Tl -

— [
\G R = Re (t < 0)
B V, Rr (t > 0)




Turn-off transient |

i Tl -

— [
\G R =Re(t<0
_v V, Rr (t >0

= =




Turn-off transient ‘

I I | | ‘

0 0.2 04 06 08

t(ps)



Turn-off transient ‘
i I Rr = 0.5kQ2
(1) + w() — i -V,
= o] = ol ] /R =3k
E e  |Re=2k0
Ve R =R (t 5 r )
V, Rr (t > 0) = =
—Vg s L
© 6 -6
i 10 10
Ir L ,T Rr = 0.5kQ2
< L <
E 7 E
t 0 L 0+
[ Rr =0.5kQ [
74 Il Il Il Il Il 74 Il Il Il Il Il
0 0.2 04 06 08 0 0.2 04 06 08

t(us) t(us)



Turn-off transient ‘
i i Rr = 0.5kQ2
(1) +  w() — I -V,
S S - [Re=3K0
E e  |Re=2k0
Ve R =R (t 5 r )
V. Rg (t > 0) r r
~Vg s I
© 6 -6
i 10 10
Ir L ,T Rr = 0.5kQ2
< L <
E 7 E
t 0; 0+
[ Rr =0.5kQ [
74 L L L L L 74 L L L L L
0 0.2 0.4 06 08 0 0.2 04 06 08
t(us) t(us)

Ng=5 x 10*¢cm3
fp =500cm?/V-s
To=0.1pus
A=0.001cm?
T=300K
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‘ Turn-off transient ‘
(1) +  w() —

* There is an interval ts, known as the “storage time" or “storage delay time” during which the
diode current is approximately constant (—/g), and the diode voltage continues to be positive.

—6
10

i(mA)

~—V,

=V,

Rp =0.5k2
I I _4

04 06 08
t(ps)

0.2 04 06 08
t(us)

Ng=5 x 10*¢cm3

fp =500cm?/V-s

Tp=0.1pus

A=0.001cm?

T=300K
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‘ Turn-off transient ‘
- ] R = 0.5k
i@ Tt vw® - S v,
= ol |
(=}
>
Ve R =R (t 5
V, Rr (t > 0) =
—Vg s L
L@ .
i 10
I L
= [
E, L
t 0 L
r Rr = 0.5k
—4 I I I I I —4 I I I I I
0 0.2 0.4 06 0.8 0 0.2 04 06 08
t(us) t(us)

* There is an interval ts, known as the “storage time" or “storage delay time” during which the
diode current is approximately constant (—/g), and the diode voltage continues to be positive.

* After the ts phase, the diode current and voltage start approaching their final values. The
“reverse recovery time” t, is defined as the time required for the current to decrease (in
magnitude) from /g to 0.1 /g.

Ng=5 x 10*¢cm3
fp =500cm?/V-s
To=0.1pus
A=0.001cm?
T=300K
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Turn-off transient ‘
i i Rr = 0.5kQ2
(1) +  w() — I -V,
S S o [Re=3K0
E e  [Re=2k0
Ve R =R (t 5 r )
V. Rg (t > 0) r r
~Vg s I
© 6 -6
i 10 10
Ir L ,T Rr = 0.5kQ2
< L <
E E
t 0; 0+
[ Rr = 0.5k [
74 L L L L L 74 L L L L L
0 0.2 0.4 06 08 0 0.2 04 06 08
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Ng=5 x 10*¢cm3
fp =500cm?/V-s
To=0.1pus
A=0.001cm?
T=300K
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‘ Turn-off transient ‘
- ] R = 0.5k
i@ Tt vw® - S v,
= ol |
[=}
>
Ve R =R (t 5
V, Rr (t > 0) =
—Vg s L
L@ .
i 10
I L
= [
E, L
t 0 L
r Rr = 0.5k
—4 I I I I I —4 I I I I I
0 0.2 0.4 06 0.8 0 0.2 04 06 08
t(us) t(us)

* The total time t,- = ts + t, that the diode takes to “recover” to the reverse-bias steady state
condition is called the “reverse recovery” time.

Ng=5 x 10*¢cm3
fp =500cm?/V-s
To=0.1pus
A=0.001cm?
T=300K
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‘ Turn-off transient ‘
- ] R = 0.5k
i@ Tt vw® - S v,
= ol |
[=}
>
Ve R =R (t 5
V, Rr (t > 0) =
—Vg s L
L@ .
i 10
I L
= [
E, L
t 0 L
r Rr = 0.5k
—4 I I I I I —4 I I I I I
0 0.2 0.4 06 0.8 0 0.2 04 06 08
t(us) t(us)

* The total time t,- = ts + t, that the diode takes to “recover” to the reverse-bias steady state
condition is called the “reverse recovery” time.

* If R is reduced, ts increases.

Ng=5 x 10*¢cm3
fp =500cm?/V-s
To=0.1pus
A=0.001cm?
T=300K
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‘ Turn-off transient ‘
- ] R = 0.5k
i@ Tt vw® - S v,
= ol |
[=}
>
Ve R =R (t 5
V, Rr (t > 0) =
—Vg s L
L@ .
i 10
I L
= [
E, L
t 0 L
r Rr = 0.5k
—4 I I I I I —4 I I I I I
0 0.2 0.4 06 0.8 0 0.2 04 06 08
t(us) t(us)

* The total time t,- = ts + t, that the diode takes to “recover” to the reverse-bias steady state
condition is called the “reverse recovery” time.

* If R is reduced, ts increases.

* If Rr is reduced, ts decreases.

Ng=5 x 10*¢cm3
fp =500cm?/V-s
To=0.1pus
A=0.001cm?
T=300K

M. B. Patil, IIT Bombay



Turn-off transient: charge control approach

XH

Xpr Xj

5 53
U 1

P n Ve R = Re (t < 0)
s R 7 V Rr (t > 0)
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Turn-off transient:

charge control approach

I
t
i w0
Xp Xj Xn - p' n
+
P n Ve R = Re (t < 0)
s R 7 V Rr (t > 0)
S

Continuity equation for holes in the neutral n region (x > x,):

o 10Jp

_ P —Pno
dt—f*if(Rfc)7 (R-G)=——.

q Ox

Tp
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Turn-off transient:

charge control approach

I
t
10 +  vo(t)

Xp Xj Xn - p' n

+

P n Ve R = Re (t < 0) -
s R 7 V Rr (t > 0)

—O—w

Continuity equation for holes in the neutral n region (x > x,):
0 194 —
P_ 2% (R-G), (R—G)=P—Po
dt q Ox Tp
In terms of the excess hole density, Ap(x)=p(x) — pno,
OAp  OJp Ap
ot Ox 9 Tp
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Turn-off transient: charge control approach

Ir
t
i w0

Xpu Xj Xn — b N

.

P n Ve R=Re(t<0) | _o1l 0
s R 7 V Rr (t > 0)

S

Continuity equation for holes in the neutral n region (x > xj)
0 194 —
P_ 2% (R-G), (R—G)=P—Po
dt q Ox Tp
In terms of the excess hole density, Ap(x)=p(x) — pno,
OAp  OJp Ap

o [ BJP
q =———-q— = qA—/ ApdxzfA/ dx / Apdx.
ot Ox Tp ot Jx, x

n

M. B. Patil, IIT Bombay



Turn-off transient: charge control approach

5 53
U 1

n Ve R = Re (t < 0)
s R 7 V Rr (t > 0)

qu/ Apdx_—A/ 6de - A/ Ap dx.
ot Jy, Tp Jx,
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Turn-off transient: charge control approach

qA—/ Apdx_—A/ 6de— A/ Ap dx.
Tp Jx

The first term on the right is A [Jp(xn) — Jp(00)] = AJI (x,) = 13 ().
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Turn-off transient: charge control approach

Ir
t
10 +  w(t)

Xp Xj Xn - = p' n

+

p n Ve R = Re (t 0) -
% 2 7 V Rr (t >

G

qA—/ Apdx_—A/ 6de— A/ Ap dx.
Tp Jx

The first term on the right is A [Jp(xn) — Jp(00)] = AJI (x,) = 13 ().

oo
The quantity gA / Apdx is the “excess hole charge” Qp in the neutral n region.
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Turn-off transient: charge control approach

I
t —
10 +  vo(t)

Xp Xj Xn - p' n

+

P n Ve R = Re (t < 0) -
s R 7 V Rr (t > 0)

—O—w

qA—/ Apdx_—A/ 6de— A/ Ap dx.
Tp Jx

The first term on the right is A [Jp(xn) — Jp(00)] = AJI (x,) = 13 ().

oo
The quantity gA / Apdx is the “excess hole charge” Qp in the neutral n region.

We can rewrite the continuity equation as
0Qp _ jaifr(, y_ Qo

Tp

ot b ) =
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Turn-off transient: charge control approach

I
t
10 +  vo(t)

Xp Xj Xn - p' n

+

P n Ve R = Re (t < 0) -
s R 7 V Rr (t > 0)

O

qA—/ Apdx_—A/ 6de— A/ Ap dx.
Tp Jx

The first term on the right is A [Jp(xn) — Jp(00)] = AJI (x,) = 13 ().

oo
The quantity gA / Apdx is the “excess hole charge” Qp in the neutral n region.

We can rewrite the continuity equation as
9Qp _ _ i Qp

T

We can think of this equation as the continuity equation for the total excess hole charge in the neutral n region
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Turn-off transient: charge control approach
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Turn-off transient: charge control approach

53
U 1

Ve R = Re (t < 0)
s R 7 V Rr (t > 0)

Q i
5e = "0 -

@

Tp
For a p*n junction, J~ J3f (x,) — I~ 13 (x,).
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Turn-off transient: charge control approach

I
t _
i+ v
Xp Xj Xn - p' n
n
P n Ve R = Re (t < 0)
% 2 7 V Rr (t >
(.
OQp _ aifr Qp
= 15" (xn) — —.
ot P (xn) Tp
For a p*n junction, J~ J3f (x,) — I~ 13 (x,).
0
— & =1/—- &.
ot Tp
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Turn-off transient: charge control approach

5 53
U 1

+
P n Ve R = Re (t < 0)
s R 7 V Rr (t > 0)

@
Xp) — —.
ot P (xn) Tp
For a p*n junction, J~ J3f (x,) — I~ 13 (x,).
0
— & =1/—- &.
ot Tp
At t =07, we have a steady-state situation, with | = Ir =

8QP _ Idiff

Ve — W .
M, where Vgn is the voltage drop across the

F
diode when conducting. (Von A~ 0.7V for a typical low-power silicon diode.)
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Turn-off transient: charge control approach

5 53
U 1

8QP _ Idiff

@
ot P (xn) Tp.
For a p*n junction, J~ J3f (x,) — I~ 13 (x,).
9
L0 Qe
ot Tp

VF — V.
At t =07, we have a steady-state situation, with | = Ir = £ = Ton

, where Vg is the voltage drop across the
F
diode when conducting. (Von A~ 0.7V for a typical low-power silicon diode.)

0-
—0=1IF— %(07) — Qp(07) = Ig7p is the excess hole charge in the neutral n region at t=0"".
Tp
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Turn-off transient: charge control approach

XH

Xpr Xj

5 53
U 1

P n Ve R = Re (t < 0)
s R 7 V Rr (t > 0)

After the transient is over (t > t,), we have a steady-state situation again, with /~0A, V ~ —Vg.

M. B. Patil, IIT Bombay



Turn-off transient: charge control approach

XH

Xpr Xj

5 53
U 1

P n Ve R = Re (t < 0)
s R 7 V Rr (t > 0)

After the transient is over (t > t,), we have a steady-state situation again, with /~0A, V ~ —Vg.
0

Qp: —&AOZO—QP(OO) —)QP(OO)ZO.

ot Tp Tp
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Turn-off transient: charge control approach

Ir
t J—
i w0

Xp Xj Xn - = P n

.

P " Ve R = Re (t < 0) -
s R 7 V Rr (t > 0)

S

After the transient is over (t > t,), we have a steady-state situation again, with /~0A, V ~ —Vg.

0

N N X C5)
P

— =0.
ot Tp T Qp(o0)

Starting from QP(O_) = Ip7p at t =07, the excess hole charge must become nearly zero at t =ty .
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Turn-off transient: charge control approach

Ir
t
i w0

Xp Xj Xn - = P n

.

P " Ve R = Re (t < 0) -
s R 7 V Rr (t > 0)

S

After the transient is over (t > t,), we have a steady-state situation again, with /~0A, V ~ —Vg.

%: _ & — O:O—M — Qp(oc0) =0.
ot Tp Tp

Starting from QP(O_) = Ip7p at t =07, the excess hole charge must become nearly zero at t =ty .
How does this happen?
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Turn-off transient: charge control approach

. Towt)  — ar
i(t) < -1t o 3L
p' n § <
2 -
oL
Ve R = Rp (t<0) 1r
B v, Rk (t > 0) o
R m 73 L 1 L 1 L 1 L 1 1 1 1 1
N\ 0 0.1 0.2 0.3 0.4 0 10 20 30 40 50
t (psec) x (pem)
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Turn-off transient: charge control approach

. Towt)  — ar
i(t) < -1t o 3L
p' n § <
2 -
oL
Ve R = Rp (t<0) 1r
B v, Rk (t > 0) oF -
R m 73 L 1 L 1 L 1 L 1 1 1 1 1
N\ 0 0.1 0.2 0.3 0.4 0 10 20 30 40 50
t (psec) x (pem)

* The storage time ts (& tg in the figure) can be estimated by observing that | ~ —Ig for 0 < t < ts.
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Turn-off transient: charge control approach

. +  wt) — 4r
i(t) < -1+ o
pr| n £ a 37
= oL
oL
Ve R = Rp (t<0) 1r
vV V, Rr (t > 0) oL _
— VR m 73 L 1 L 1 L 1 L 1 1 1 1 1
N VW 0 0.1 0.2 0.3 0.4 0 10 20 30 40 50
t (psec) x (pm)

* The storage time ts (& tg in the figure) can be estimated by observing that | ~ —Ig for 0 < t < ts.

* Note that, in the interval 0 < t < ts, the slope d—p(x,,) is positive, corresponding to a negative current.
Ix
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Turn-off transient: charge control approach

. +  wpt) — 4
i(t) < -1+ o
pt | n £ a3
a 2
2
Ve R = Rp (t<0) 1
v V, Rr (t > 0) 0 -
— VR m 73 L 1 L 1 L 1 L 1 1 1 1 1
N MWV 0 0.1 0.2 0.3 0.4 0 10 20 30 40 50
t (psec) x (pm)

* The storage time ts (& tg in the figure) can be estimated by observing that | ~ —Ig for 0 < t < ts.

* Note that, in the interval 0 < t < ts, the slope d—p(x,,) is positive, corresponding to a negative current.
Ix

* By t=ts, the hole charge Qp in the neutral n region has reduced substantially. As an approximation, we
may use Qp(ts)=0.
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Turn-off transient: charge control approach

Ir
t J—
i T w0
Xp Xj Xn - = p' n
N
P n Ve R = Re (t < 0) -
s R V Rr (t > 0)
VR —
W, %%
d
0<t<ts % = g = ith Qp(0%) = Ir7p and  Qp(ts) ~ 0. b
Tp
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Turn-off transient: charge control approach

dQp

Q@
O<t<ts — =—Ip——
s dr R

Tp

., with Qp(07) = Ie7p and Qp(ts) = 0.

= Q(t)=1p(IF+Ir) e/ — g7y, 0<t< ts.
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Turn-off transient: charge control approach

it -
Xp Xj Xn - = p' n
N
P n Ve R = Re (t < 0)
s R V Rr (t > 0)
VR —
W, %%
d
0<t< ts: % = —Igp — &, with Qp(07) = Ig7p and Qp(ts) ~ 0.
Tp

= Q(t)=1p(IF+Ir) e/ — g7y, 0<t< ts.

We can now use Qp(ts)~0 to estimate ts as

l}
tszrplog(lJrI—F).
R
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Turn-off transient: charge control approach

I
t J—
i w0
Xp Xj Xn - = p' n
N
P n Ve R = Re (t < 0) -
s R V Rr (t > 0)
VR —
W, %%
J ‘
0<t< ts: (ip = —Igp — &, with Qp(07) = Ig7p and Qp(ts) ~ 0. ter
Tp

= Q(t)=1p(IF+Ir) e/ — g7y, 0<t< ts.

We can now use Qp(ts)~0 to estimate ts as

l}
tszrplog(lJrI—F).
R

. t 1
A more accurate analysis yields? erf( i) = —
Tp 1

2R.F. Pierret, Semiconductor Device Fundamentals. New Delhi: Pearson Education, 1996.
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Turn-off transient: charge control approach

= <0 ! i
v Vs Rr (t > 0) 0.01 N R

—w 0.01 01 T 10
Ir/Ir
IF
(1) ts = 7plog 1+T
R
; 1
(2) erf( i) = ,
Tp 1+ﬂ
Ir
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Turn-off transient: charge control approach

Xp X Xn 10 ¢
% 2% | i
pt n :
” » 1
. + w) — =
RO - ~0.11g : 1 P+
P 0.1
Ve R = Re (t <0) : i
Vg Vs Re (t>0) 0.01 i i A W
E—w 0.01 0.1 1 10
Ir/Ir
I
1) ts=mplog | 1+ —F> * If I is increased, the initial charge Qp(0~)=Ir7p is larger
Ir — ts increases.
t. 1
(2 erf( i) = ,
Tp 1+ j
I
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Turn-off transient: charge control approach

Xp- X Xn 10
2 2 | i
pr n f
» » 1
&
s
T
0.1
0.01 e RN R W
0.01 0.1 1 10
IR/l
IF . A _ .
1) ts=7plog {1+ — * If I is increased, the initial charge Qp(0~)=Ir7p is larger
Ir — ts increases.
(2) erf( E) — 1 * |If Ig is increased, the excess charge is removed at a higher rate
Tp 1+ LR — ts decreases.
I
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i(t)

+

wo(t)  —

Ve R = R (t
V, Rr (t
Vel
N
]
Ie
~0.1lg—
7|
RO .
t
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-V,

Ap

Ng=5 x 10" cm3
Jtp=500cm?/V-s
To=0.1ps
A=0.001cm?
T=300K




L R Ng=5x 10 cm~*
i Twe® - C v R 11p =500cm?/V-s
— Ll <4
= of ~{Re=0.5kQ A=0.001cm?
o /
vV > L R =0.8k2 T=300K
F R = Re (t
V, Rr (t r 0
— VR
© S
i 10 _
I L Re <é —1F
= [ —2f
£
= T R =0.8kQ2
—0.1lg - T ool : ., ‘ ‘ ‘
I 0 01 02 03 O
_R; =05k t (usec)
—Ir s N/ 1 R T N S n n - 6 \
T 0 0.2 0.4 06 08 \ ot (in 10 cm—3)
te t (us) 5r
* In the ts phase, Ap(x,) > 0 which is consistent with vp > 0V during 4r
this phase (since Ap(xn) = pno (€'0/VT —1)). 5 3r
2 |-
1 |-
0
Il Il Il Il Il
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L Ng=5 x 10" cm3
-R =2kQ
i(t) + wl) - [ V. . f1p=500cm?/V-s
— " s,H
2 ofF —{Re =05k A=0.001cm’
o /
Ve > | X —{Re=0.8kQ T=300K
R = Rg (t
Ve Rr (t r 0
— VR
i 10 _
I < —1+
] E
= [ —2f
E
—0.1lg—~ T ool : 73 ‘ ‘ ‘
i 7 0 01 02 03 0
Re = 0.5k t (usec)
7IR t 74 R I AT S n n T 6 v
T 0 0.2 0.4 06 08 \ ot (in 10 cm—3)
ty t(us) 5r
* In the ts phase, Ap(x,) > 0 which is consistent with vp > 0V during 4r
this phase (since Ap(xn) = pno (€'0/VT —1)). 5 3r
* If Re is reduced, I¢ increases, and the initial excess hole charge 2r
Qp(0) = IgTp also increases. The increased charge takes a longer time 1r
for removal, leading to a larger value of ts. 0
Il Il Il Il Il
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i(t)

+

vp(t)

Ve R = R (t
V, Rr (t
Vel Y
N
]
Ie
0.1l
7|
RO .
t
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-V,

]

Rr =2k

Ap

Ng=5 x 10" cm3
1t =500cm?/V-s
Tp=0.1ps
A=0.001cm?
T=300K




\G R=Re(t<0
B V, Rr (t
R o
I\

oS ey

Re = 2kQ
| TR N N N NI ST EE
0 02 04 06 08
t(ps)

* If Rg is reduced, the reverse current (magnitude) /g increases. Since Ig
is one of the factors responsible for removal of Qp, a larger value of Ig

results in a smaller ts.
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Ng=5 x 10" cm3
1t =500cm?/V-s
T, =0.1ps
A=0.001cm?
T=300K

0.2 0.3 0.4
t (usec)

(in 10" cm3)




L Ng=5 x 10" cm3
R =0.5k2
i(t) + w() — v 1t =500cm?/V-s
— Ll s H
S of |/ lIRe=3k0 A=0.001cm?
y E X Re=2kQ T=300K
F R = Rr (t<0) r :
V, R (t - 0
— VR
i 10 _
Ie - Rr =0.5k0 <-1r
< L [ |Rr=3 kQ 2L
£
= or Rr =2kQ
0r -3 I I I
[ : % 0 0.1 02 03 0.
t (e
N N S RSN IS S 6 \ (usec)
0 0.2 0.4 06 08 Sl (in 10 cm—3)
t (us) 5r
* If Rg is reduced, the reverse current (magnitude) /g increases. Since Ig Ar
is one of the factors responsible for removal of Qp, a larger value of Ig 5 3r
results in a smaller ts. oL
(The other factor is recombination in the neutral n region.) 1k
0
Il Il Il Il Il
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vp(t) —
Ve R = Re (t < 0)
_—L v, R (t > 0)
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i(mA)

15

10

Tp=0.1pus

7o =0.2 s

L L L L L L
0 01 02 03 04 05 06 07
t(ps)

o
<

Ng=5x 10 cm~*
J1p=500cm?/V-s

A=0.001cm?
T=300K
Il Il Il
0 0.1 0.2 0.3 0.4
t (usec)
\\ h (in 10" cm=3)
R
Il Il Il Il Il
0 10 20 30 40 50



vp(t) —

_:::_IIHIIF____

Ve R = Re (t < 0)
v, Re (t > 0)
Vel Y
N4
I
3
—0.11g
_|R
et T
tor
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i(mA)

15

10

Tp=0.1pus

7o =0.2 s

L L L L L L
0 01 02 03 04 05 06 07
t(ps)

o
<

Ng=5x 10 cm~*
J1p=500cm?/V-s

A=0.001cm?
T=300K
Il Il Il
0 0.1 0.2 0.3 0.4
t (usec)
\\ h (in 10" cm=3)
R
Il Il Il Il Il
0 10 20 30 40 50



i Tw® -

_:::_IIHIIF____

Ve R = Re (t < 0)
v, Re (t > 0)
Vel Y
N4
I
3
—0.11g—~
—Ig
et >
tor

l}
tSszlog<1+I—F).
R

i(mA)

15

10

Tp=0.1pus

7o =0.2 s

L L L L L L
0 01 02 03 04 05 06 07
t(ps)

In practice, a smaller 7, can be achieved by introducing effective

recombination centres (such as gold in silicon) with a trap level in the

middle of the energy gap.

. Patil, 11T Bombay
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Ng=5 x 100 cm~3
J1p=500cm?/V-s
A=0.001cm?
T=300K

0 0.1 0.2 0.3 0.
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\\/ﬁtl (in 10 cm~3)
t
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BN t3
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Turn-off transient: Part 2

i)

Ng =5 x 10 cm
fp =500cm?/V-s
7,=0.1pus
A=0.001cm?
T=300K

-3

+ w() —

+

P n

R = Re (t<0)
Rg (t > 0)

0 VAN
\
&
—-1F o \
< = \
£ 4
oL
73 Il Il Il L Il Il Il
0 0.1 02 03 04 0 20 40 60 80
t(ps) t % (um)
%10 (cm )
6
L Rr =0.3kQ [
Vs
L Rr =2kQ [
S
‘D‘ 0 Vb = b
>
76 Il Il Il Il
0 0.1 02 03 04 0 . . ) 05
t(ps) T—xj X(/Lm)
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Turn-off transient: Part 2

i)

Ng =5 x 10 cm
fp =500cm?/V-s
7,=0.1pus
A=0.001cm?
T=300K

-3

+ w() —

+

P n

* The second part of the turn-off transient
(the interval t.) is very complex because
several changes take place simultaneously.

R =Re (t<0)
Rg (t > 0)

t

ter

i(mA

vp (V)

—6

Ap

0 0.1 0.2 0.3 0.4 0 20 40 60 80
t(ps) t % (um)
%10 (cm )
Re=0.3k2 L
Vs
Rg =2k(2 L
VD ST
Il Il Il Il
0 0.1 0.2 0.3 0.4 0 . . . 0.5
t(ps) T—xj x(;Lm)
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Turn-off transient: Part 2

i)

Ng =5 x 10 cm
fp =500cm?/V-s
7,=0.1pus
A=0.001cm?
T=300K

-3

+ w() —

+

P n

R = Re (t<0)
Rg (t > 0)

0 VAN
\
&
—-1F o \
< = \
£ 4
oL
73 Il Il Il L Il Il Il
0 0.1 02 03 04 0 20 40 60 80
t(ps) t % (um)
%10 (cm )
6
L Rr =0.3kQ [
Vs
L Rr =2kQ [
S
‘D‘ 0 Vb = b
>
76 Il Il Il Il
0 0.1 02 03 04 0 . . ) 05
t(ps) T—xj X(/Lm)
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Turn-off transient: Part 2

i) + w() — 6
0 L
Ng=5x 10 cm3 PP n /\\
fp =500cm?/V-s B \‘\tl
7, =0.1pus Ve < 1r élL - \
2 £
A=0.001cm v £
—V s L
T=300K R
Y WV —2r L
1
'3 - -
R = Re (t<0) . ‘ ‘ ‘ o ‘ ‘ ‘
Rg (t > 0) 0 0.1 0.2 0.3 0.4 0 20 40 60 80
t(ps) t % x (1m)
0 %10 (cm )
—0.11g—~ 6
: 5F
L R =0.3k2 L
Ve
—Ir I . L Rr =2k t
o S ol I
E’ 0 VD f=4
>
dp L | I
* The slope — decreases with time, and L [
dx X=Xp . 0
therefore the diode current i(t) ~ l;,j"‘f(x,77 t) —6— : : :
J ( itude) 0 01 02 03 04 0 . . ) 05
ecreases (in magnitude).
& t(us) ij x(um)
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Turn-off transient: Part 2

i)

Ng =5 x 10 cm
fp =500cm?/V-s
7,=0.1pus
A=0.001cm?
T=300K

-3

+ w() —

+

P n

R = Re (t<0)
Rg (t > 0)

0 VAN
\
&
—-1F o \
< = \
£ 4
oL
73 Il Il Il L Il Il Il
0 0.1 02 03 04 0 20 40 60 80
t(ps) t % (um)
%10 (cm )
6
L Rr =0.3kQ [
Vs
L Rr =2kQ [
S
‘D‘ 0 Vb = b
>
76 Il Il Il Il
0 0.1 02 03 04 0 . . ) 05
t(ps) T—xj X(/Lm)
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Turn-off transient: Part 2

Ng=5x 10 cm—3
fp =500cm?/V-s
To=0.1ps
A=0.001cm?
T=300K

* The depletion region expands as the reverse
voltage across the diode builds up. The

R =Re (t<0)
Rg (t > 0)

expansion of the depletion region is

indicated by the movement of the majority

carriers away from the junction.

0 AN
\
v
—-1F o | \
£ < ‘
oL
0
73 Il Il Il
0 0.1 0.2 03 0.4
t(ps)
6
5
L Re=0.3k2 L
Vs
, ,
s
T:l or \{3) =0
>
0
76 Il Il Il Il
0.1 0.2 0.3 0.4 0 . .
t(ps) T—xj X(/Lm)
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Turn-on transient |

Ng=5 x 106 cm—3
o =500cm?/V-s
To=0.1pus
A=0.001cm?
T=300K

" Il " Il " Il " Il " Il "
0 002 004 006 008 01 012
t(us)
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Turn-on transient ‘

To=0.1pus
A=0.001cm?
T=300K

Ng=5 x 10°cm—3

o =500cm?/V-s

During turn-on,

- The diode current must change from nearly zero to a significant

forward current Ip ~
R

VF - Von

< 10F Re—05kQ
= o \ 1k

Rg

" Il " Il " " Il " Il "
0 002 004 006 008 01 012
t(us)
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Turn-on transient ‘

Ng=5 x 10°cm—3

o =500cm?/V-s

To=0.1pus
A=0.001cm?
T=300K

During turn-on,

- The diode current must change from nearly zero to a significant
VF - Von
R
- The diode voltage must change from — Vg to the steady-state
forward bias value corresponding to the steady-state forward

current.

forward current Ip ~

Re=0.5k
\ e

" Il " Il " " Il " Il "
0 002 004 006 008 01 012
t(us)
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—t
Ng=5x 10 cm~3 : |
a i cm b/t Turn-on transient
1, =500cm?/V-s oty [ —t7
T, =0.1pus l l
A =0.001cm?
T=300K 10
Re=1kQ 1016
VE=5V
VR= -5V 102
R Vg Re < 50
£ a
= 108
10*
0
| ! 10°
0 0.1
t(ps)
7
= 5
2 .
o o
> —
=
p
L L L L

0 0.1 0.2 0.3 0.4 0.5
t(u ,
M. B. Patil, IIT Bombay (1s) x (1m)



ot
t /)t Turn-on transient

—1t7

Ng=5x 10®cm3
Jtp =500cm?/V-s
T, =0.1pus
A=0.001cm?
T=300K

Re =1k

Vg=5V
Vg=-5V

o otts

!

1016

1012

Phase 1: The depletion region shrinks.

During this phase, the minority carrier profile 0
does not change significantly. 0 0.1
t(ps)

n (in10®cm—3)

0 0.1 0.2 0.3 0.4 0.5
t(u
M. B. Patil, IIT Bombay (1s) x (um)



~t
Ng=5 x 10° cm™3 N -
oo b/t Turn-on transient
1, =500cm?/V-s oty oty
T, =0.1pus l l
A=0.001cm?
T=300K 10
Re = Lk 1016
Ve=5V
Vg=-5V 102
R Vg Rr = 50

£ o

= 10°
Phase 1: The depletion region shrinks. 10

. . . . . . 0
During this phase,.th-e.mlnorlty carrier profile ‘ | 100
does not change significantly. 0 0.1
t(ps)
Phase 2: Some time between t3 and t4, the r
pn junction enters the forward bias regime.
Beyond this point, the minority carrier a2
charge builds up relatively quickly. og
E
£
L L L L

0 0.1 0.2 0.3 0.4 0.5

t(u
M. B. Patil, IIT Bombay (1s) x (1m)



Ng=5x 10®cm3
Jtp =500cm?/V-s
T, =0.1pus
A=0.001cm?
T=300K

Re =1k

Vg=5V
Vg=-5V

Phase 1: The depletion region shrinks.
During this phase, the minority carrier profile
does not change significantly.

Phase 2: Some time between t3 and t4, the
pn junction enters the forward bias regime.
Beyond this point, the minority carrier
charge builds up relatively quickly.

In practice, the turn-off transient is a matter
of greater concern since it is longer than the

turn-on transient.
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Turn-on transient

1016

1012

t(ps)

0.1

n (in10®cm—3)

()

0.2

0.3

x (fom)

0.4 0.5



