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Bipolar junction transistors: Ebers-Moll model

* We have considered a BJT in the active mode (B-E junction under forward bias, B-C junction under
reverse bias) and obtained «.

The BJT can now be replaced with its equivalent circuit.
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* A generalised model valid in all modes can be obtained by removing the conditions of a forward bias
across the E-B junction and a reverse bias across the C-B junction — Ebers-Moll model.
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Ebers-Moll model:
Outline of derivation for a pnp BJT
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Ebers-Moll model:
Outline of derivation for a pnp BJT

* Boundary conditions:

An(xg) = noe |:exp (‘\//Ef ) - 1]

An(—o0) =0
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Ebers-Moll model:
Outline of derivation for a pnp BJT

* Boundary conditions:

An(xg)

An(—o0) =0

Ap(0)

Ap(W)
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Ebers-Moll model:
Outline of derivation for a pnp BJT

* Boundary conditions:

An(xg) = noe
An(—o0) =0
Ap(0) = pos
Ap(W) = pos
An(xc) = noc
An(xo) =0
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Ebers-Moll model:
Outline of derivation for a pnp BJT

Solve the minority-carrier continuity
equations in the neutral emitter, base, and
collector regions.
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Ebers-Moll model: n(x) p(x) n(x)

Outline of derivation for a pnp BJT \/.ariqtion of W with
bias is not shown.

forward active

* Solve the minority-carrier continuity
equations in the neutral emitter, base, and NoE
collector regions.
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currents.
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Ebers-Moll model:
Outline of derivation for a pnp BJT
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Ebers-Moll model:
Outline of derivation for a pnp BJT

* Obtain the terminal currents, ignoring G-R
in the depletion regions.

IE = InE(XE) + IpB(O)
le = Inc(xc) + lps(W).

Ig = Ig — Ic.

M. B. Patil, IIT Bombay

n(x)

Variation of W with
bias is not shown.

forward active

NoE Noc
NoE Noc
NoE Noc
NoE Noc

XE




Bipolar junction transistors: Ebers-Moll model
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Bipolar junction transistors: Ebers-Moll model
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* Current directions are assigned such that /¢, Ig, Ig are all positive if the BJT operates in the active mode.
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Ebers-Moll model
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* To construct the Ebers-Moll model, we draw two transistor models: one in the forward active mode, the other in the
reverse active mode, and connect them in parallel.
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Ebers-Moll model
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* To construct the Ebers-Moll model, we draw two transistor models: one in the forward active mode, the other in the
reverse active mode, and connect them in parallel.

* The forward transistor is represented by the E-B diode and the corresponding dependent source (the upper branches),
and the reverse transistor by the C-B diode and the corresponding dependent source (the lower branches).
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* The model has four parameters: Igs, Ics, ar, ag (F for forward, R for reverse) which can be related to the geometry
(base width, device area) and material parameters (doping densities, diffusion coefficients, lifetimes) of the transistor.!

1RF. Pierret, Semiconductor Device Fundamentals. New Delhi: Pearson Education, 1996.
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* The model has four parameters: Igs, Ics, ar, ag (F for forward, R for reverse) which can be related to the geometry
(base width, device area) and material parameters (doping densities, diffusion coefficients, lifetimes) of the transistor.!

* With the assumptions we have made, aglgs = agrlcs.

1RF. Pierret, Semiconductor Device Fundamentals. New Delhi: Pearson Education, 1996.
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Ebers-Moll model

* Assumptions made:

- Low-level injection

- Uniform doping densities, non-degenerate carrier statistics

- One-dimensional device, with the emitter and collector regions much longer than

the respective minority carrier diffusion lengths
- No generation/recombination in the depletion regions
- Constant width (W) of the neutral base region, independent of bias voltages
* In practice, the above assumptions do not hold, e.g., as we have seen, the doping

densities are not uniform.
Furthermore, several details about the device such as lifetimes, mobilities, and base
width, are not known.

* The Ebers-Moll model can still be used as a “phenomenological’ description of the device
if model parameters are suitably extracted using measured data.

* More advanced BJT models are available (e.g., the SPICE model?) and are used for
circuit simulation.

2p, Antognetti and G. Massobrio, Semiconductor Device Modeling with SPICE. New York: McGraw-Hill, 1988.
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Ebers-Moll model: special cases
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Ebers-Moll model: special cases
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* [g =0, i.e., emitter open-circuited.

Ic = —I. + aFlf
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== —Ié-(l - OcFOcR) + OCFIE.
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Ebers-Moll model: special cases
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* [g =0, i.e., emitter open-circuited.
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= —I:(1 - arar) + aFlE.

When the C-B junction is under reverse bias, Ié. ~ —lIcs, and with /g =0, we get
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Ebers-Moll model: special cases
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* |g =0, i.e., emitter open-circuited.
lc = =1t +apl
= —It +ar(le + arll)
= —I:(1 - arar) + aFlE.
When the C-B junction is under reverse bias, Ié. ~ —lIcs, and with /g =0, we get

Ic = lcgo = lcs(1 — arag).
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Ebers-Moll model: special cases
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Ebers-Moll model: special cases
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* Ig=0, i.e., base open-circuited.
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Ebers-Moll model: special cases
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Ebers-Moll model: special cases
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Ebers-Moll model: special cases
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* |g =0, i.e., base open-circuited.
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—1-(1 — arar @ —1.(1 — arar
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When the C-B junction is under reverse bias, Ié ~ —Ics, and with /g =0, we get

les(l —arar) _  lcso
(1—aF) (1—af)’
which is much larger than Icgp since af is close to 1.

Ic = lceo =
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BJT [-V description
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* Unlike the diode (where there is only one current and one voltage), the BJT has
three currents and three voltages.
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* Unlike the diode (where there is only one current and one voltage), the BJT has
three currents and three voltages.

* The current-voltage relationship is described in the form of a “family” of curves,
with a current selected as the y variable, a voltage as the x variable, and a third
variable as a quantity to be held constant for each /-V curve.
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BJT [-V description

(pnp transistor ) (npn transistor )
le Ic
E— C
+ —
VEB +VBC
B
I

* Unlike the diode (where there is only one current and one voltage), the BJT has
three currents and three voltages.

* The current-voltage relationship is described in the form of a “family” of curves,
with a current selected as the y variable, a voltage as the x variable, and a third
variable as a quantity to be held constant for each /-V curve.

* Two descriptions, which are related to the “common-base” and “common-emitter”
configurations, are commonly used.
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Common-base configuration
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NTes=1x10%A ) I ¢ i 1 L -
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ar=0.5 y Ve (volts) Vg (volts)
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Common-base configuration
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ar=0.5 y Ve (volts) Vg (volts)
* Veg > 0V:

C-B junction is reverse biased, Ié ~ —Ics, which is negligibly small.
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Common-base configuration
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Common-base configuration
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C-B junction is reverse biased, Ié ~ —Ics, which is negligibly small.

le=If, Ic = aplg — for a given Ig, Ic is a constant.
On the input side, the Ic versus Vg curve (for a positive Vg value) is like a diode /-V relationship.
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Common-base configuration

I T T T 17‘ UL
£ arll 1 | le=1mA
—K S - 1L
le lc 0.8mA
E—rt C —~ r 4~ L
% i‘:E/ 0.6 mA
O / DH—— oor 1T b
@Rlc 7 0.4mA
ls—1x 10 “A) ls c i ] - o
b .Zm
les=2 x 1074 A B 0 1l OmA
—0.99 CAr L I I I
aF 0 07 -1 o0 1 2 3 4 5
ar=0.5 y Ve (volts) Vg (volts)
* Veg > 0V:

C-B junction is reverse biased, Ié ~ —Ics, which is negligibly small.
le=If, Ic = aplg — for a given Ig, Ic is a constant.
On the input side, the Ic versus Vg curve (for a positive Vg value) is like a diode /-V relationship.

* Veg <0V:
C-B junction is forward biased, but /. becomes substantial only when Vg~ —0.5V.
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Common-base configuration

|/ T T T 17‘ ‘\““\““7
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le lc 0.8mA
E—rt C —~ r 4~ L
<é i‘:E/ 0.6 mA
O / DH—— oor 1T b
@Rlc 7 0.4mA
les =1 x 10 A | I ¢ i 1 L o
b .Zm
les=2 x 1074 A B 0 1l OmA
—0.99 CAr L I I I
aF 0 07 -1 o0 1 2 3 4 5
ar=0.5 y Ve (volts) Vg (volts)
* Veg > 0V:

C-B junction is reverse biased, Ié ~ —Ics, which is negligibly small.

le=If, Ic = aplg — for a given Ig, Ic is a constant.

On the input side, the Ic versus Vg curve (for a positive Vg value) is like a diode /-V relationship.
* Vg <0V:

C-B junction is forward biased, but /. becomes substantial only when Vg~ —0.5V.

Beyond this point, /¢ drops sharply since I¢ :aplé — Ié — saturation mode.
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Common-emitter configuration

Vgc=0.4V
. Vgc=0V
c upl/E 20T e B v e HH\V‘B(‘Zi“\l\‘/“‘
—K o [ 1F ]
le I [ lg =10 pA
E%V »—Ej 7 ] i 8 LA 7
arle P % 10} . /<E? [ 6 LA |
le = I Vee= <+
b = F oV 1= 4uA |
B! (les=1x10"%A i v i
les=2x 107" A [ 2 uA |
0f b 0 OpA
(]F:0.99 1 1 1 1 1 1 Il Il Il Il
an—05 0 0l 02 03 04 05 06 07 0 1 2 3 4 5
: Vge (volts) Ve (volts)
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Common-emitter configuration

Vgc=0.4V
. Vgc=0V
c upl/E 20T e B v e HH\V‘B(‘Zi“\l\‘/“‘
—K o [ 1F ]
le I [ lg =10 pA
E%V »—Ej 7 ] i 8 LA 7
arle P % 10} . /<E? [ 6 LA |
le = I Vee= <+
b = F oV 1= 4uA |
B! (les=1x10"%A i v i
les=2x 107" A [ 2 uA |
0f b 0 OpA
(]F:0.99 1 1 1 1 1 1 Il Il Il Il
an—05 0 0l 02 03 04 05 06 07 0 1 2 3 4 5
: Vge (volts) Ve (volts)

* In the active region (where /¢ is constant for a given Ig), the B-C junction is reverse biased.

— 1L =0 — Ic =aflg =B, irrespective of V.
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Common-emitter configuration

Vgc=0.4V
I Vgc=0V
c upl/E 20T e B v e HH\V‘BC:‘\I\‘/“
—k3 « [ 1F ]
Ie I [ Iz =10 pA
? »—E: 7 1 i 8 LA ]
arle P % 10} . /<E? [ 6 LA
| le = I Vee= <+
L — oV 1 = 4uA
B les=1x 107 A 1V L
les=2x 107" A [ 2 uA
0 b 0 0uA
afF =0.99 L I I I I I I | | | |
ar=05 0 01 02 03 04 05 06 0.7 0 1 2 3 4 5
: Vge (volts) Ve (volts)

* In the active region (where /¢ is constant for a given Ig), the B-C junction is reverse biased.
— 1L =0 — Ic =aflg =B, irrespective of V.

* When Vpc becomes greater than about 0.4V, I/ becomes significant, and Ic = arlf — I/ decreases — Ic < Slp.
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Common-emitter configuration

Vgc=0.4V
It Vgc=0V
c upl/E 20T e B v e HH\V‘B(‘Zi“\l\‘/“‘
—K a [ 1F ]
Ie I [ Iz =10 pA
E C 7 ] i 8 HA l
_b“RVc P % 10} . /<E? [ 6 LA
le = I Vee= <+
|B/ = oV 1 - 4 uA
B! (les=1x10"%A v i
les=2x 107" A [ 2 uA
0f b 0 OpA
(IF:0.99 1 1 1 1 1 1 1 Il Il Il
an—05 0 0l 02 03 04 05 06 07 0 1 2 3 4 5
: Vge (volts) Ve (volts)

* In the active region (where /¢ is constant for a given Ig), the B-C junction is reverse biased.
— 1L =0 — Ic =aflg =B, irrespective of V.
* When Vpc becomes greater than about 0.4V, I/ becomes significant, and Ic = arlf — I/ decreases — Ic < Slp.

* In the active region (e.g., Vcg =1V), Vg is nearly constant (~ 0.65V).
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Common-emitter configuration

*

*

Vgc=0.4V
' Vge=0V
; arlg ] — I A— ‘\/Bci‘lv
—K o [ 1F ]
Ic \ Is = 10 uA
»—E: 7 1 i 8 HA l
gt P ?110} ] g i 6 LA
le - I Vee= <+
|B/ = oV 1 - 4 uA
B! (les=1x10""A 1v i
les=2 x 10714 A i 2HA
0 b 0 0uA
afF =0.99 L I I I I I I | | | |
o 0 01 02 03 04 05 06 07 0 1 2 3 4 5
ar=0.5
Vge (volts) Ve (volts)

In the active region (where I¢ is constant for a given Ig), the B-C junction is reverse biased.

— 1L =0 — Ic =aflg =B, irrespective of V.

When V¢ becomes greater than about 0.4V, I/ becomes significant, and Ic = aflf — I/ decreases — Ic < Slp.
In the active region (e.g., Vcg =1V), Vpe is nearly constant (~ 0.65V).

In the saturtion region, Vg is 0.2V or smaller. This is generally true for all low-power BJTs.
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Common-emitter configuration

Vgc=0.4V
. Vgc=0V
c upl/E 20T e B v e HH\V‘B(‘Zi“\l\‘/“‘
—K o [ 1F ]
le I [ lg =10 pA
E%V »—Ej 7 ] i 8 LA 7
arle P % 10} . /<E? [ 6 LA |
le = I Vee= <+
b = F oV 1= 4uA |
B! (les=1x10"%A i v i
les=2x 107" A [ 2 uA |
0f b 0 OpA
(]F:0.99 1 1 1 1 1 1 Il Il Il Il
an—05 0 0l 02 03 04 05 06 07 0 1 2 3 4 5
: Vge (volts) Ve (volts)
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Common-emitter configuration

/
oflg
7

’
arle

%

7
lc

Nes=1x 10714 A

les =2 x 107 A
afF =0.99
ar=0.5

Vec=0.4V
Vac=0V
Vec=—1V
—_Vee= 1V

20—

Vee=

oV

1V

|C (mA)

lg =10 pA

8 HA

6 LA

4 uA

2 uA
0uA
1 1

I I I I I
02 03 04 05 06 07

Vge (volts)

* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:

2 3 4 5
Ve (volts)
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Common-emitter configuration

/
oflg
7

’
arle

%

7
lc

Nes=1x 10714 A

les =2 x 107 A
afF =0.99
ar=0.5

Vec=0.4V
Vac=0V
Vec=—1V
—_Vee= 1V

20—

Vee=

oV

1V

|C (mA)

lg =10 pA

8 HA

6 LA

4 uA

2 uA
0uA
1 1

Vge (volts)

* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:

- Vg =1V (active region):

I I I I I
01 02 03 04 05 06 0.7

2 3 4 5
Ve (volts)
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Common-emitter configuration

Vgc=0.4V
. Vgc=0V
c upl/E 20T e B v e HH\V‘BC:‘\I\‘/“
—K a [ 1F ]
Ie I [ Iz =10 pA
? »—Ej 7 1 i 8 LA ]
arle P % 10} . /<E? [ 6 LA
le = I Vee= <+
|B/ = oV 1 - 4 uA
B! (les=1x10"%A v i
les=2x 107" A [ 2 uA
0f b 0 OpA
(]F:0.99 1 1 1 1 1 1 Il Il Il Il
an—05 0 0l 02 03 04 05 06 07 0 1 2 3 4 5
: Vge (volts) Ve (volts)

* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:

- Vg =1V (active region):
Vec = Ve — Vg = 0.7—-1=-0.3V
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Common-emitter configuration

Vgc=0.4V
. Vgc=0V
c upl/E 20T e B v e HH\V‘BC:‘\I\‘/“
—K a [ 1F ]
Ie I [ Iz =10 pA
? »—Ej 7 1 i 8 LA ]
arle P % 10} . /<E? [ 6 LA
le = I Vee= <+
|B/ = oV 1 - 4 uA
B! (les=1x10"%A v i
les=2x 107" A [ 2 uA
0f b 0 OpA
(]F:0.99 1 1 1 1 1 1 Il Il Il Il
an—05 0 0l 02 03 04 05 06 07 0 1 2 3 4 5
: Vge (volts) Ve (volts)

* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:

- Vg =1V (active region):
VBC: VBE_ VCE%07—1:—03V—>/£-1\J0
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Common-emitter configuration

Vgc=0.4V
' Vge=0V
E
, Vec=—1V
) orlg 20 e e e
le I [ Ig =10 A
? »—Ej 7 1 8 LA l
gt P < 10F ] g 6 LA
le - I Vee= <
|B/ - L oV 1 - 4 uA
B les=1x107*A r 1V
_ t 2 uA
les=2 % 1074 A [ ;
@ ~ 0 b 0uA
afF =0.99 L I I I I I I | | |
ar=05 0 01 02 03 04 05 06 07 2 3 4 5
: Vge (volts) Ve (volts)

* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:

- Vg =1V (active region):
VBC: VBE—VCE%0.7—1:—0.3V—>/£—»’§’0—>IB:/E—OL[:IE
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Common-emitter configuration

Vgc=0.4V
I Vgc=0V
; arlg ] — I A— ‘\/Bci‘lv
—K A [ 1F ]
le I [ Ig =10 A
E C 7 1 i 8 LA l
gt P ?110} ] g i 6 LA
le - I Vee= <+
|B/ = oV 1 - 4 uA
B! (les=1x10""A 1v i
les=2 x 10714 A i 2HA
0 b 0 0uA
afF =0.99 L I I I I I I | | | |
an—05 0 01 02 03 04 05 06 07 0 1 2 3 4 5
R— = Vge (volts) Ve (volts)
* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:
- Vg =1V (active region):
Vec = Vge — Vg 07— 1=—-03V = I ~ 0 = Ig = IL — arll ~ (1 — aF) lgseVBE/VT.
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Common-emitter configuration

Vgc=0.4V
I Vgc=0V
; arlg ] — I A— ‘\/Bci‘lv
—K A [ 1F ]
le I [ Ig =10 A
E C 7 1 i 8 LA l
gt P ?110} ] g i 6 LA
le - I Vee= <+
|B/ = oV 1 - 4 uA
B! (les=1x10""A 1v i
les=2 x 10714 A i 2HA
0 b 0 0uA
afF =0.99 L I I I I I I | | | |
an—05 0 01 02 03 04 05 06 07 0 1 2 3 4 5
R— = Vge (volts) Ve (volts)
* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:
- Vg =1V (active region):
Vec = Vge — Vg 07— 1=—-03V = I ~ 0 = Ig = IL — arll ~ (1 — aF) lgseVBE/VT.

- Vg =0V (saturation region):
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Common-emitter configuration

Vgc=0.4V
I Vgc=0V
; arlg ] — I A— ‘\/Bci‘lv
—K A [ 1F ]
le I [ Ig =10 A
E C 7 1 i 8 LA l
gt P ?110} ] g i 6 LA
le - I Vee= <+
|B/ = oV 1 - 4 uA
B! (les=1x10""A 1v i
les=2 x 10714 A i 2HA
0 b 0 0uA
afF =0.99 L I I I I I I | | | |
an—05 0 01 02 03 04 05 06 07 0 1 2 3 4 5
R— = Vge (volts) Ve (volts)
* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:
- Vg =1V (active region):
Vec = Vge — Vg 07— 1=—-03V = I ~ 0 = Ig = IL — arll ~ (1 — aF) lgseVBE/VT.

- Vg =0V (saturation region):
Vec = Ve — Ve = Ve
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Common-emitter configuration

Vgc=0.4V
I Vgc=0V
; arlg ] — I A— ‘\/Bci‘lv
—K A [ 1F ]
le I [ Ig =10 A
E C 7 1 i 8 LA l
gt P ?110} ] g i 6 LA
le - I Vee= <+
|B/ = oV 1 - 4 uA
B! [les=1x10"14A v i
les=2 x 10714 A i 2HA
0 b 0 0uA
afF =0.99 L I I I I I I | | | |
an—05 0 01 02 03 04 05 06 07 0 1 2 3 4 5
R— = Vge (volts) Ve (volts)
* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:
- Vg =1V (active region):
Vec = Vge — Vg 07— 1=—-03V = I ~ 0 = Ig = IL — arll ~ (1 — aF) lgseVBE/VT.

- Ve =0V (saturation region):
VBC = VBE — VCE = VBE — Ié is comparable to Ié
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Common-emitter configuration

Vgc=0.4V
I Vgc=0V
; arlg ] — I A— ‘\/Bci‘lv
—K A [ 1F ]
le I [ Ig =10 A
E C 7 1 i 8 LA l
gt P ?110} ] g i 6 LA
le - I Vee= <+
|B/ = oV 1 - 4 uA
B! [les=1x10"14A v i
les=2 x 10714 A i 2HA
0 b 0 0uA
afF =0.99 L I I I I I I | | | |
an—05 0 01 02 03 04 05 06 07 0 1 2 3 4 5
R— = Vge (volts) Ve (volts)
* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:
- Vg =1V (active region):
Vec = Vge — Vg 07— 1=—-03V = I ~ 0 = Ig = IL — arll ~ (1 — aF) lgseVBE/VT.

- Ve =0V (saturation region):
VBC = VBE — VCE = VBE — Ié is comparable to Ié
— Ig = (1 — Ot;:)/é + (1 — aR)Ié
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Common-emitter configuration

Vgc=0.4V
I Vgc=0V
; arlg ] — I A— ‘\/Bci‘lv
—K A [ 1F ]
le I [ Ig =10 A
E C 7 1 i 8 LA l
gt P ?110} ] g i 6 LA
le - I Vee= <+
|B/ = oV 1 - 4 uA
B! [les=1x10"14A v i
les=2 x 10714 A i 2HA
0 b 0 0uA
afF =0.99 L I I I I I I | | | |
an—05 0 01 02 03 04 05 06 07 0 1 2 3 4 5
R— = Vge (volts) Ve (volts)
* Comparison of Ig versus Vg for Vcg =0V and Vg =1V:
- Vg =1V (active region):
Vec = Vge — Vg 07— 1=—-03V = I ~ 0 = Ig = IL — arll ~ (1 — aF) lgseVBE/VT.

- Ve =0V (saturation region):
VBC = VBE — VCE = VBE — Ié is comparable to Ié
— g = (1 — Ot;:)/é -+ (1 — aR)Ié — Ig-VpgE curve shifts left.
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BJT: second-order effects
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BJT: second-order effects

* The Ebers-Moll model does remarkably well in capturing the basic transistor action.
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BJT: second-order effects

* The Ebers-Moll model does remarkably well in capturing the basic transistor action.

* For a higher accuracy in circuit simulation, second-order effects need to be considered.
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BJT: second-order effects

* The Ebers-Moll model does remarkably well in capturing the basic transistor action.
* For a higher accuracy in circuit simulation, second-order effects need to be considered.
* We will consider

- base width modulation
- breakdown phenomena
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Base width modulation

E-B C-B
depletion depletion
region region
We have assumed so far that the width of the neutral base region E(n) B (p) c(n)
(in the active mode) is independent of Ve and Vpc. n(0)
This is a reasonable assumption for the following reasons.
n(x)



Base width modulation

We have assumed so far that the width of the neutral base region
(in the active mode) is independent of Ve and Vpc.
This is a reasonable assumption for the following reasons.

- The B-E junction voltage is nearly constant, say 0.6 to 0.75V
for a silicon BJT, and the variation of the B-E depletion
width is negliglble.

E-B

depletion
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region




Base width modulation

E-B C-B
depletion depletion
region region

We have assumed so far that the width of the neutral base region E(n) B (p) c(n)
(in the active mode) is independent of Ve and Vpc. n(0)
This is a reasonable assumption for the following reasons.
- The B-E junction voltage is nearly constant, say 0.6 to 0.75V n(x)
for a silicon BJT, and the variation of the B-E depletion
width is negliglble.
- Since Vg — the reverse bias across the B-C junction — can
vary substantially, the B-C depletion width can also change 0
significantly. 0 w

However, the change occurs mostly on the collector side since
Na(B) > Nd(c)'



Base width modulation

E-B C-B
depletion depletion
region region

We have assumed so far that the width of the neutral base region E(n) B (p) c(n)
(in the active mode) is independent of Ve and Vpc. n(0)
This is a reasonable assumption for the following reasons.
- The B-E junction voltage is nearly constant, say 0.6 to 0.75V n(x)
for a silicon BJT, and the variation of the B-E depletion
width is negliglble.
- Since Vg — the reverse bias across the B-C junction — can
vary substantially, the B-C depletion width can also change 0
significantly. 0 w
However, the change occurs mostly on the collector side since
N»(B) > Ny(C). G101
E ot N, (B)
2 1018 F
g L Nq (E)
w 100} Na ()
‘3
3 L
o 1014 I
0 15 3
x (um)
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Base width modulation E(n) B(p) C(n)

-—n(0)
n(x)
0
T T
0 W
E(n) B(p) C(n)
-—n(0)
n(x)
0




Base width modulation ‘ E(n) B(p) C(n)

- As Vg T, the B-C depletion region expands, W | oo
oo My ¢ o)
dx
0
T T
0 W
E(n) B(p) C(n)
-—n(0)
n(x)
0




Base width modulation ‘

- As Vg T, the B-C depletion region expands, W |

— Icocﬂ(W)T
dx

- This "base width modulation” effect (also called the “Early
effect”) gives rise to a finite slope of the /c-Vg curves in the

active region.

(Vce t = Vee(=Vee—VBe) T — W] = Ic 1)

E(n) B (p) C(n)

C(n)

E(n) B(p)
-—n(0)




Base width modulation ‘

E(n) B(p) C(n)
- As Vg T, the B-C depletion region expands, W | oo
oo My ¢ o)
dx

- This "base width modulation” effect (also called the “Early

effect”) gives rise to a finite slope of the /--Vg curves in the
active region.

0
(Vce T = Veg(=Vee—Vee) T = W — Ic 1) | |
0 w
E(n) B(p) C(n)
~—n(0)
Ic
I _.T n(x)
B —
R E
0
! !
0 w
0 1 2 3 2 5
Ve (volts)
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Base width modulation
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Base width modulation
Ve
2.5
20 |
15f

<
£
10
05
0
| | | | |
0 1 2 3 4 5
Vg (volts)
*

When the active region parts of the Ic-Vg curves are extended backwards, they intersect
the Vg axis approximately at the same point, —Vj.



Base width modulation

sat
VCE

2.5

20

Ic (mA)

1.0

05

L L L L L
0 1 2 3 4 5 7‘\/ 0 Vee
Vg (volts) A

*

When the active region parts of the Ic-Vg curves are extended backwards, they intersect
the Vg axis approximately at the same point, —Vj.
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Base width modulation

sat
VCE

2.5

Ic (mA)

1.0

05

L L L L L
0 1 2 3 4 5 7‘\/ 0 Vee
Vg (volts) A

*

When the active region parts of the Ic-Vg curves are extended backwards, they intersect
the Vg axis approximately at the same point, —Vj.

* V), is called the Early voltage.
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Breakdown phenomena

* We have seen that a pn junction diode cannot withstand arbitrarily large reverse voltages,
it breaks down at some point.
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Breakdown phenomena

* We have seen that a pn junction diode cannot withstand arbitrarily large reverse voltages,
it breaks down at some point.

* Similarly, if the reverse bias across the B-C junction of a BJT is increased, it breaks down
at some point, i.e., the collector current becomes very large.
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Breakdown phenomena

* We have seen that a pn junction diode cannot withstand arbitrarily large reverse voltages,
it breaks down at some point.

* Similarly, if the reverse bias across the B-C junction of a BJT is increased, it breaks down
at some point, i.e., the collector current becomes very large.

* We will look at two breakdown mechanisms:

- punchthrough
- avalanche breakdown
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Punchthrough

E-B C-B
] depletion ~ depletion
(n) region (p) region (n)

Vee=10V




Punchthrough

E-B C-B
) depletion ~ depletion
. o (n) region (p) region (n)
* As the reverse bias Vg is increased, - - -
the C-B depletion region expands

— the neutral base region shrinks. E B

Vee=10V




Punchthrough

E-B C-B
) depletion ~ depletion
A L. (n) region (p) region (n)
* As the reverse bias Vg is increased, - - -

the C-B depletion region expands

— the neutral base region shrinks. E B

* At some point, the E-B and C-B
depletion regions consume the entire V=10V

base region. This condition is called
punchthrough.




Punchthrough

E-B C-B E-B and C-B
depletion depletion depletion regions
i L. (n) region p region () merged together
* As the reverse bias Vg is increased,
the C-B depletion region expands
— the neutral base region shrinks. E B E
* At some point, the E-B and C-B
depletion regions consume the entire Vee=10V Vee=40V

base region. This condition is called
punchthrough.
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Punchthrough

E-B C-B E-B and C-B
depletion depletion depletion regions
. L. (n) region p region () merged together
* As the reverse bias Vg is increased,
the C-B depletion region expands
— the neutral base region shrinks. E B E
* At some point, the E-B and C-B
depletion regions consume the entire Vee=10V Vee=40V

base region. This condition is called
punchthrough.

(The band bending in the emitter
region is due to non-uniform doping in
the simulated structure.)
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Punchthrough

E-B C-B E-B and C-B
depletion depletion depletion regions
(n) region (p) region (n) merged together
E B E
V=10V V=40V
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Punchthrough

E-B C-B E-B and C-B
depletion depletion depletion regions
. . . (n) region p region (n) merged together
* Prior to punchthrough, an increase in
the C-B reverse bias only affects the
bands in the base and collector E B E

regions, leaving the E-B barrier (for

electron flow) unchanged.
) g Vee=10V V=40V
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Punchthrough

E-B CcB E-Band C-B
depletion  depletion depletion regions
(n) region (p) region (n) merged together

* Prior to punchthrough, an increase in
the C-B reverse bias only affects the
bands in the base and collector E B E
regions, leaving the E-B barrier (for

electron flow) unchanged.

Vee=10V V=40V

* After punchthrough, any further
increase in Vg lowers the E-B
potential barrier. The number of
electrons injected from the emitter
increases dramatically. They get swept
away toward the collector, resulting in
a large collector current.
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Avalanche breakdown

* Avalanche multiplication because of impact ionisation can take place in a semiconductor
if the electric field is high (~ critical field &c).



Avalanche breakdown
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* Avalanche multiplication because of impact ionisation can take place in a semiconductor
if the electric field is high (~ critical field &c).
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Avalanche breakdown
w

E n p n D—«C

* Avalanche multiplication because of impact ionisation can take place in a semiconductor
if the electric field is high (~ critical field &c).

* In a BJT operating in the active mode, the C-B junction is under reverse bias. If the
reverse voltage is sufficiently large, avalanche breakdown can take place.
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Avalanche breakdown

F—W—

E'—I n P n |—-C

* The avalanche multiplication process is characterised by a multiplication factor M.



Avalanche breakdown

F—W—

n Y

E'—I n P n |—-C
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* The avalanche multiplication process is characterised by a multiplication factor M.

* Let lp =current through the high-field region without multiplication
I = current through the high-field region with multiplication
1
Then, M= —.
lo

1
* Empirically, it is observed that M =

Ve Y
b <VBR)

Vi is the reverse bias, and VER is the breakdown voltage.

, where 3 < m < 6 (depending on the semiconductor),
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* Collector current without multiplication is aplf — If.
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* Collector current without multiplication is aplf — If.

* Collector current with multiplication is M (aplé- — lé) ie.,
Ie = M (aplf +lcs) o Ih~ —lcs
=M [ar (Ig + arll) + lcs)
= Moarlg + Mlcs (1 — arag)

= Mapglg + M lcgo.
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Avalanche breakdown

/
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B arle

lc = Maglg + M lcgo.

* Emitter open:
1

lc = Mlcgo = lcgo X ———F——-
- BR
Vec
Breakdown voltage: As Vg — VECR, lc — oo, and therefore
the breakdown voltage with the emitter open (denoted by

cho) is simply VCBO = VECR
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* Base open: V, = BC ~ .
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As an example, for B =200 and m=4, Vceo = Vego/3.8, which is £ C
significantly smaller than Vgo. n p n
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* When Ig =0, the breakdown voltage (V(g) is given by Vcgo.
In the above example, it is ~ 230V.
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Significance of Vo and V(eo:

* When Ig =0, the breakdown voltage (V(g) is given by Vcgo.

In the above example, it is ~ 230V.

* When Ig =0, the breakdown voltage (V¢g) is given by Veeo.

In the above example, it is ~ 90V, which is significantly

lower, as we would expect.
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T

Significance of Vo and V(eo:
* When Ig =0, the breakdown voltage (V(g) is given by Vcgo.
In the above example, it is ~ 230V.

* When Ig =0, the breakdown voltage (V¢g) is given by Veeo.
In the above example, it is ~ 90V, which is significantly

lower, as we would expect.

* Note that the slope of the Ic-V(g curves in the linear region
without impact ionisation is because of base width

modulation.
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* Common-base characteristics: For the same Vg, i.e., the

same multiplication factor, the increase in I due to

multiplication is larger for larger Ig.
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Maglg + M lcgo
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Common-base characteristics: For the same Vg, i.e., the

same multiplication factor, the increase in I due to
multiplication is larger for larger Ig.

Common-emitter characteristics: For the same Vg (~ Vig),
i.e., the same multiplication factor, the increase in /¢ due to

multiplication is larger for larger Ig.
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Vceo < Vego: qualitative exaplnation
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* V(go is sbustantially smaller than Vgo although, in both cases, the

breakdown is related to the same junction (the C-B junction). Why?
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* V(go is sbustantially smaller than Vgo although, in both cases, the
breakdown is related to the same junction (the C-B junction). Why?

* With the emitter open, the breakdown process is really no different than an

isolated C-B junction.
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Vceo < Vepo: qualitative exaplnation
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* V(go is sbustantially smaller than Vgo although, in both cases, the
breakdown is related to the same junction (the C-B junction). Why?

* With the emitter open, the breakdown process is really no different than an

isolated C-B junction.

* With the base open, the situation is different.
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open.
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field pointing toward the base, and it enters the neutral base
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side.

* The electron and hole components at the B-E junction are
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Vceo < Vepo: qualitative exaplnation

Consider an electron undergoing impact ionisation with the base

open.

* A hole generated by impact ionisation experiences an electric
field pointing toward the base, and it enters the neutral base

region.

* Since the base is open, the hole gets injected to the emitter
side.

* The electron and hole components at the B-E junction are
related by
InE InE InE 2l

I e+ e e  1—7

— injection of one hole into the emitter region causes

injection of I 7 electrons from the emitter into the base

region.
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Vceo < Vepo: qualitative exaplnation

Consider an electron undergoing impact ionisation with the base

open.

* A hole generated by impact ionisation experiences an electric
field pointing toward the base, and it enters the neutral base

region.

* Since the base is open, the hole gets injected to the emitter
side.

* The electron and hole components at the B-E junction are
related by
InE InE InE 2l

I e+ e e  1—7

— injection of one hole into the emitter region causes

electrons from the emitter into the base

injection of I 7

region.
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Vceo < Vepo: qualitative exaplnation

Consider an electron undergoing impact ionisation with the base

open.

* A hole generated by impact ionisation experiences an electric
field pointing toward the base, and it enters the neutral base

region.

* Since the base is open, the hole gets injected to the emitter
side.

* The electron and hole components at the B-E junction are
related by
InE InE InE 2l

I e+ e e  1—7

— injection of one hole into the emitter region causes

electrons from the emitter into the base

injection of I 7
region.
— multiplication of carriers is enhanced — lower breakdown

voltage [Pierret].
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A typical discrete transistor: 2N3904 (npn)

* Vceo =40V, Vego =60V, Vego =6V:
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VEego, the E-B breakdown voltage is substantially lower because of the larger doping

density in the emitter region.
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* Vceo =40V, Vego =60V, Vego =6V:
We have already seen why V(gp is smaller than Vpgo.

VEego, the E-B breakdown voltage is substantially lower because of the larger doping
density in the emitter region.
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* Vceo =40V, Vego =60V, Vego =6V:
We have already seen why V(gp is smaller than Vpgo.

VEego, the E-B breakdown voltage is substantially lower because of the larger doping
density in the emitter region.

. representative plot
o~ 100f (rep plot)
5 N, (B)
2 10"%F
g L Nqg (E)
“ Na (C)
= 10161
o
[ L
o 1014 |
0 15 3
x (pum)

In the active or saturation modes, the E-B junction is under forward bias, and a low Vego
is not a concern.
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A typical discrete transistor: 2N3904 (npn)

* Vceo =40V, Vego =60V, Vego =6V:
We have already seen why V(gp is smaller than Vpgo.

VEego, the E-B breakdown voltage is substantially lower because of the larger doping
density in the emitter region.

. representative plot
o~ 100f (rep plot)
5 N, (B)
2 10"%F
g L Nqg (E)
" Na (C)
= 10161
o
[ L
o 1014 |
0 15 3
x (pum)

In the active or saturation modes, the E-B junction is under forward bias, and a low Vego
is not a concern.

* Maximum collector current (continuous) /**: 200 mA (DC).

M. B. Patil, IIT Bombay



A typical discrete transistor: 2N3904 (npn)

* Maximum power dissipation Pp =625 mW:



A typical discrete transistor: 2N3904 (npn)

* Maximum power dissipation Pp =625 mW:

The power dissipated by a BJT (as heat) is
P=Vgelg + Vcelc.



A typical discrete transistor: 2N3904 (npn)

* Maximum power dissipation Pp =625 mW: I

The power dissipated by a BJT (as heat) is
P=Vgelg + Vcelc.

m



A typical discrete transistor: 2N3904 (npn)

* Maximum power dissipation Pp =625 mW: ¢ I
The power dissipated by a BJT (as heat) is 5
P=Vgelg + Vcelc. ls
In the active mode, Ic = Blg is much larger than Ig. le

E

— P= VCEIC-



A typical discrete transistor: 2N3904 (npn)

* Maximum power dissipation Pp =625 mW: ¢ I
The power dissipated by a BJT (as heat) is 5
P=Vgelg + Vcelc. ls
In the active mode, Ic = lg is much larger than /5. le

E

— P= VCEIC-

In the common-emitter output characteristics (/c-Vcg), the
constraint P = Pp is therefore a hyperbola.



A typical discrete transistor: 2N3904 (npn)

* Maximum power dissipation Pp =625 mW:

The power dissipated by a BJT (as heat) is
P=Vgelg + Vcelc.

In the active mode, Ic = Blg is much larger than Ig.
— P= VCEIC-

In the common-emitter output characteristics (/c-Vcg), the
constraint P = Pp is therefore a hyperbola.
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A typical discrete transistor: 2N3904 (npn)

* Maximum power dissipation Pp =625 mW:

The power dissipated by a BJT (as heat) is
P=Vgelg + Vcelc.

In the active mode, Ic = lg is much larger than /5.
— P= VCEIC-

In the common-emitter output characteristics (/c-Vcg), the
constraint P = Pp is therefore a hyperbola.

In designing a BJT amplifier, the DC bias values are subject
to the constraints due to /™, Vcgp, and Pp.

M. B. Patil, IIT Bombay
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A typical discrete transistor: 2N3904 (npn)

* DC current gain (8r) = 100 to 300 at Ic =10mA, Ve =1V:
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* DC current gain (8r) = 100 to 300 at Ic =10mA, Ve =1V:

- A range of values for 3F is specified because of device-to-device
variation in the doping profiles and geometric parameters
(especially the base width).
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A typical discrete transistor: 2N3904 (npn)

* DC current gain (8r) = 100 to 300 at Ic =10mA, Ve =1V:

- A range of values for 3F is specified because of device-to-device
variation in the doping profiles and geometric parameters
(especially the base width).

- Since [F varies in practice with bias conditions, the specification

includes the bias values.
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current becomes small, and recombination in the emitter-depletion
region, which adds to the base current, cannot be neglected any

more. This causes Ig to be larger than that predicted by the above
equation.
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more. This causes Ig to be larger than that predicted by the above

equation.
* At high values of Vg (large Ic),

- The voltage drop across the base resistance r, becomes

significant.
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Ebers-moll model (active mode): \ P - Mo
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lc = apleseVBe/VT, g = (1 — aF) IgseVBe/ VT, ‘
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* At lower values of Vg, the diffusion component of the E-B diode
current becomes small, and recombination in the emitter-depletion T (substrate) ¥
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equation.
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A typical discrete transistor: 2N3904 (npn)

Ebers-moll model (active mode):
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aflgseVBE/VT, g = (1 — aF) leseVBE/ VT,

At lower values of Vgg, the diffusion component of the E-B diode
current becomes small, and recombination in the emitter-depletion
region, which adds to the base current, cannot be neglected any
more. This causes Ig to be larger than that predicted by the above
equation.

At high values of Vg (large I¢),
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A typical discrete transistor: 2N3904 (npn)

Ebers-moll model (active mode):
lc = apleseVBe/VT, g = (1 — aF) IgseVBe/ VT,

* At lower values of Vg, the diffusion component of the E-B diode
current becomes small, and recombination in the emitter-depletion
region, which adds to the base current, cannot be neglected any
more. This causes Ig to be larger than that predicted by the above
equation.

* At high values of Vg (large Ic),

- The voltage drop across the base resistance r, becomes
significant.

- The minority carrier concentration in the base becomes
comparable to the majority carrier concentration (high-level

injection)
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As a result, B = I£ is constant only for a range of /¢ values.
B

, Emitter

VES.y, —
n

n +

(substrate)

Collector

Ic, I (log scale)




A typical discrete transistor: 2N3904 (npn)

Ebers-moll model (active mode):
Ic = aplgseVBe/VT | Ig = (1 — aF) IgseVBE/VT.
At lower values of Vgg, the diffusion component of the E-B diode
current becomes small, and recombination in the emitter-depletion
region, which adds to the base current, cannot be neglected any
more. This causes Ig to be larger than that predicted by the above
equation.
* At high values of Vg (large Ic),
- The voltage drop across the base resistance r, becomes
significant.
- The minority carrier concentration in the base becomes
comparable to the majority carrier concentration (high-level

injection)

Ic .
As a result, B = I£ is constant only for a range of /¢ values.
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A typical discrete transistor: 2N3904 (npn)
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(Note: BF varies from device to device.)

M. B. Patil, IIT Bombay



A typical discrete transistor: 2N3904 (npn)

* V& =02V at Ic =10mA, V& =0.3V at Ic =50mA.
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A typical discrete transistor: 2N3904 (npn)

* Qutput conductance hoe =1 to 40 uU at Ic =1mA, Veg=10V:
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* Qutput conductance hoe =1 to 40 uU at Ic =1mA, Veg=10V:

The slope of the /¢ versus Vg curve at a constant /g is defined as the output

conductance hge.

|g = constant
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A typical discrete transistor: 2N3904 (npn)

* Qutput conductance hoe =1 to 40 uU at Ic =1mA, Veg=10V:

The slope of the /¢ versus Vg curve at a constant /g is defined as the output

conductance hge.

|g = constant

Jslopef hoe

—Va Vce

Ve

From hoe, we can get an idea of the Early voltage V4 of the device. For example, with
hoe =10 uG, Ic1 =1mA, Ve =10V, we get

I 1x10°3
;lzhoe_n/%\:iﬁ_lozgov‘
Va+ Vcer 10 x 10—
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