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pn junction: derivation of /-V equation
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Continuity equation for holes (x > x,):

Op(x,t) _ 104
q Ox

ot

— (R — G) =0 (in DC conditions).
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Continuity equation for holes (x > xp): 9p(x,t) =_--—"2 _(R- G) =0 (in DC conditions).
ot q Ox
In th | ion, £ i Il — Jdrift = Ei I — Jp ~ J9% — _qD, %P
n the neutral n-region, & is small. — J5™ =qpup€ is small. — Jp = JJ" = —q Chvg
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pn junction: derivation of /-V equation
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Continuity equation for holes (x > xp): 9p(x,t) =_--—"2 _(R- G) =0 (in DC conditions).
ot q Ox
In th | ion, £ i Il — Jdrift = Ei I — Jp ~ J9% — _qD, %P
n the neutral n-region, & is small. — J5™ =qpup€ is small. — Jp = JJ" = —q Chvg

Ap _ p(x) = Pro

Also, assuming low-level injection, R — G ~
Tp Tp
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pn junction: derivation of /-V equation
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Op(x,t) _ 104

— (R — G) =0 (in DC conditions).
ot q Ox

Continuity equation for holes (x > x,):

dp

In the neutral n-region, £ is small. — Jgrift =qpup€ is small. — Jp, = Jgifr = —qDp i

A x) —
Also, assuming low-level injection, R — G ~ 2P = m.
Tp Tp

d? - d’Ap A
— Dp TX‘; — PTippnO =0 or dxzp - L—; =0, where L, =/Dp7p is the hole diffusion length.
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~3,

3

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and

10 us, and compare it with the zero-bias value of W, the depletion width.
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~3,

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and
10 us, and compare it with the zero-bias value of W, the depletion width.

- N3Ny 1016 x 1017
Solution: Vi = V7 log < 2 > = (0.0259V) log (m =0.75V.

i
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~3,

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and
10 us, and compare it with the zero-bias value of W, the depletion width.

- N3Ny 1016 x 1017
Solution: Vi = V7 log < 2 > = (0.0259V) log (m =0.75V.

i

2¢ N+ Ny

Wi — V.
q NN, ( bi a)

The depletion width is W = \/
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and

10 us, and compare it with the zero-bias value of W, the depletion width.

- N3Ny 1016 x 1017
Solution: Vi = V7 log < 2 > = (0.0259V) log (m =0.75V.

i

2¢ N+ Ny

Wi — V.
NN, ( bi a)

The depletion width is W = \/

_ [2x11.8x8.85x 10" 1.1x 10V
B 1.6 x 1019 10%6 x 1017

x 0.75 cm = 0.33 um.
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~3,

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and
10 us, and compare it with the zero-bias value of W, the depletion width.

- N3Ny 1016 x 1017
Solution: Vi = V7 log < 2 > = (0.0259V) log (m =0.75V.

i

2¢ N+ Ny

Wi — V.
NN, ( bi a)

The depletion width is W = \/

x 0.75 cm = 0.33 um.

_ [2x11.8x8.85x 10" 1.1x 10V
B 1.6 x 1019 10%6 x 1017

Diffusion coefficient for holes is D, = V1 up = 0.0259 x 500 = 12.9cm?/s.
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~3,

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and
10 us, and compare it with the zero-bias value of W, the depletion width.

10%6 x 107

(1.5 x 1010)2

NN,
Solution: W,; = V1 log < a2d> = (0.0259V) log ( ) =0.75V.
n

i

2¢ N+ Ny

Wi — V.
NN, ( bi a)

The depletion width is W = \/

x 0.75 cm = 0.33 um.

_ [2x11.8x8.85x 10" 1.1x 10V
B 1.6 x 1019 10%6 x 1017

Diffusion coefficient for holes is D, = V1 up = 0.0259 x 500 = 12.9cm?/s.

2

For rp=1ns, L, = \/12.9 M (1%x107%s) = 1.14 x 10~*cm = 1.14 um.
S
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~3,

3

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and

10 us, and compare it with the zero-bias value of W, the depletion width.
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~3,

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and
10 us, and compare it with the zero-bias value of W, the depletion width.

Tp Lp (um)
1ns 1.14
10ns 3.6
100ns | 11.4
lus 36.0
10 ps 113.8
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Example: For an abrupt, uniformly doped silicon pn junction at T =300K, with N, =10 cm~3,

Ng =107 cm—3, 1p =500 cm2/V—s, calculate the diffusion length L, for 7, = 1ns, 10ns, 100ns, 1 us, and
10 us, and compare it with the zero-bias value of W, the depletion width.

Tp Lp (um)
1ns 1.14
10ns 3.6
100ns | 11.4
lus 36.0
10 ps 113.8

Note that L, > W/|yy, (0.33 um), a typical situation.
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Hole continuity equation (x > xn): P 2P _

dx? T,% "

Ap(x — 00) = p(x = 00) — pro =0

— Ap(x) = pno {exp (E) — 1} exp (— = Xn), X > Xp,
Vit Lp
An(x) = npo {exp (ﬁ) - 1} exp (7 Xp — X), X < Xp.
vy L

I/

n

|

3
@)

n*I»Vn

V. V.
Boundary conditions: Ap(xn) = pno exp (V—a> — Pn0 = Pno [exp (V—a) - 1]
T
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Ap(x) = pro [exp (VLT) - 1} exp (— x ZPX"), An(x) = npo [exp (VLT) - 1} exp (— X"L: X).

* When x — x, =5L,, the exponential factor in Ap(x) is e~ 5 =0.0067 — In about five minority carrier
diffusion lengths, the disturbance caused by the applied bias vanishes.
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Ap(x) = pro [exp (VLT) - 1} exp (— x ZPX"), An(x) = npo [exp (VLT) - 1} exp (— XPL: X).

* When x — x, =5L,, the exponential factor in Ap(x) is e~ 5 =0.0067 — In about five minority carrier
diffusion lengths, the disturbance caused by the applied bias vanishes.

* Consider the minority carrier concentrations at the depletion region edges.

V.
Ap = pno {exp( a) 71} at x = xp,
VT

V.
An = npo |:exp<va> —1:| at x = Xxp.
T
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* When x — x, =5L,, the exponential factor in Ap(x) is e~ 5 =0.0067 — In about five minority carrier
diffusion lengths, the disturbance caused by the applied bias vanishes.

* Consider the minority carrier concentrations at the depletion region edges.

V.
Ap = pno {exp( a) 71} at x = xp,
VT

V.
An = npo |:exp<va> —1:| at x = Xxp.
T

For forward bias, Ap(x,) and An(xp) are positive.
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Ap(x) = o [exp (VLT) - 1} exp (— z ZPX"), An(x) = npo [exp (VLT) - 1} exp (— XPL: X).

* When x — x, =5L,, the exponential factor in Ap(x) is e~ 5 =0.0067 — In about five minority carrier
diffusion lengths, the disturbance caused by the applied bias vanishes.

* Consider the minority carrier concentrations at the depletion region edges.

P o] 7\/ -1 tx=
ex at x =Xxp,
'n0 v n

V.
An = ny |:exp (V—a> - 1:| at x = xp.
T

Fo
Fo

Ap

=

forward bias, Ap(x,) and An(xp) are positive.

=

reverse bias, Ap(xp) and An(xp) are negative.

M. B. Patil, IIT Bombay



NpQ o1 —P
Frp e Pro

Consider an abrupt, uniformly doped silicon pn junction at T =300K, with N; =5 x 106 cm~—3 and
Ny =10 cm—3. Compute An(xp) and Ap(xs) for V,=0.1, 0.2, 0.3, 0.6, 0.7, —0.1, —0.2, —0.5, —1, and
—2V. (n;=1.5 x 10 cm~3 for silicon at T =300K.)

n? (1.5 x 1010)2

Solution: AN, =5%x100em™3 5 ppo=—L = """ —45x103cm3.
Pp0 a p0O o0 5 % 1016
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Consider an abrupt, uniformly doped silicon pn junction at T =300K, with N; =5 x 106 cm~—3 and

Ny =10 cm—3. Compute An(xp) and Ap(xs) for V,=0.1, 0.2, 0.3, 0.6, 0.7, —0.1, —0.2, —0.5, —1, and
—2V. (n;=1.5 x 10 cm~3 for silicon at T =300K.)

n? 1.5 x 1010)2
P (15X 107)7 4.5 x 103 em™3.

Solution: ~N,=5x10%cm 3 = nypy=—— =
Pp0 a p0O o0 5 % 1016
n? 1.5 x 1010)2
o~ Ng=1x108ecm=3 — p,o= - = (5 x107)7 2.25 x 10°cm—3.
Nno 1 x 1018
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Consider an abrupt, uniformly doped silicon pn junction at T =300K, with N; =5 x 106 cm~—3 and

Ny =108 cm—3. Compute An(xp) and Ap(xy) for V,=0.1, 0.2, 0.3, 0.6, 0.7, —0.1, —0.2, —0.5, —1, and
—2V. (n;=1.5 x 101°cm~3 for silicon at T=300K.)

n? (1.5 x 1010)2

Solution: ~N,=5x10%cm=3 5 nyg=—L = """ 7 —45x%x103cm 3.
Pp0 a p0O o0 5 % 1016
n? 1.5 x 1010)2
o~ Ng=1x108ecm=3 — p,o= - = (5 x107)7 2.25 x 10°cm—3.
Nno 1 x 1018

Ap(xn) = pro {GXP (%) - 1] An(xp) = npo [eXP (%) - 1]
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Va An(xp) Ap(xn) Vs An(xp) Ap(xn)

(V) | (em™3) (em~3) (V) | (em™3) (em™3)

0 0 0 0 0 0

0.1 | 2.09 x 10° 1.05 x 10* —0.1 | —4.41x 103 | —2.20 x 102

0.2 | 1.02 x 10" | 5.08 x 10° —0.2 | —4.50 x 103 | —2.25 x 102

0.3 | 4.83 x10% | 2.41 x 107 —0.5 | —4.50 x 103 | —2.25 x 102

0.6 | 5.18 x 1013 | 2,59 x 10%? || —1 —4.50 x 103 | —2.25 x 102

0.7 | 2.46 x 1015 | 1.23 x 10™ || —2 —4.50 x 103 | —2.25 x 102
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* Forward bias:

Va An(xp) Ap(xn) Va An(xp) Ap(xn) Ap(xn) and An(x,) increase by several
(V) (cm*3) (cm*3) (V) (cm*3) (cm*3) orders of magnitude as V is increased.
0 0 0 0 0 0
0.1 | 2.09 x 10° 1.05 x 10* —0.1 | —4.41 x 103 | —2.20 x 102
0.2 | 1.02 x 10" | 5.08 x 10° —0.2 | —4.50 x 103 | —2.25 x 102
0.3 | 4.83 x 108 2.41 x 107 —0.5 | —4.50 x 103 | —2.25 x 102
0.6 | 5.18 x 1013 | 2,59 x 10'2 || —1 —4.50 x 103 | —2.25 x 102
0.7 | 246 x 101 | 1.23 x 10™ || —2 —4.50 x 103 | —2.25 x 102
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* Forward bias:
Va An(xp) Ap(xn) Va An(xp) Ap(xn) Ap(xn) and An(x,) increase by several
(V) (cm73) (cm*3) (V) (cm*3) (cm*3) orders of magnitude as V is increased.
* Reverse bias:
0 0 0 0 0 0
Ap(xp) & —pno, An(xp) & —nyo.
0.1 | 2.09 x 10° 1.05 x 10* —0.1 | —4.41 x 103 | —2.20 x 102
0.2 | 1.02 x 10" | 5.08 x 10° —0.2 | —4.50 x 103 | —2.25 x 102
0.3 | 4.83 x 108 2.41 x 107 —0.5 | —4.50 x 103 | —2.25 x 102
0.6 | 5.18 x 1013 | 2,59 x 10'2 || —1 —4.50 x 103 | —2.25 x 102
0.7 | 246 x 101 | 1.23 x 10™ || —2 —4.50 x 103 | —2.25 x 102
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pn junction under forward bias: simulation results

V,>0V V, <0V
Pno
0
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Reverse bias
P 1Pno
0 Il
0 20 30 40
(i)
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pn junction under forward bias: simulation results

Pno
0

— —
(in 10°cm™3) Reverse bias
Npo
n

P 1Pno

0 0 1 1
0 10 20 30 40 0 10 20 30 40
x (ppm) x (ppm)

* As we have seen earlier, the minority carrier diffusion lengths (i.e., L, on the p-side, Lp on the n-side) are

typically much larger than the depletion width.
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High-injection regime
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1.0 n n n o
0.8 X

10 r r
10 i I i
1012 ;
100]
108

10°+

10* -

10? X




Xn
High-injection regime L | |
T | (in 10" cm™?)

1.0 n n n o
0.8 X

10%r r r
10* i I 7
107
10%° i
108 7
100+

10%F

10? X

* As the forward bias is increased, the minority carrier concentration increases rapidly, and at some point becomes
comparable to the majority carrier concentration. This regime is called the “high-injection” regime.
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High-injection regime
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3

* As the forward bias is increased, the minority carrier concentration increases rapidly, and at some point becomes

comparable to the majority carrier concentration. This regime is called the “high-injection” regime.

* In the high-injection regime, the majority carrier concentration also increases appreciably (e.g., Ana Ap on the

n side), and the overall charge neutrality is maintained in the neutral regions.
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pn junction: current flow under forward bias

V. _
Ap(x) = pno |exp —2) —1|exp (- X Xn ;X > Xp.
Vr Ly

V., -
An(x) =npo |exp | —>) — 1| exp | — X)) x< Xp.
Vr L,
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pn junction: current flow under forward bias

V., —

Ap(x) = pno |exp —2) —1|exp (- X Xn ;X > Xp.
v L,
V, -

An(x) =npo |exp | —>) — 1| exp | — X)) x< Xp.
Vr L,

Note that, although F4f (for x < x,) and ]-'giff (for x > xn) are in
opposite directions, JIf (for x < x,) and Jf,“fr (for x > x,) are in

the same direction.
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pn junction: current flow under forward bias

V., —

Ap(x) = pno |exp —2) —1|exp (- X Xn ;X > Xp.
v L,
V, -

An(x) =npo |exp | —>) — 1| exp | — X)) x< Xp.
Vr L,

Note that, although F4f (for x < x,) and ]-'giff (for x > xn) are in
opposite directions, JIf (for x < x,) and Jf,“fr (for x > x,) are in

the same direction.

; ; i diff diff
In particular, we are interested in J5™ (xp) and J5™ (xn).

. D
M) = R (V7 —1),

Ln
diff qDppro ( v,/v Jdiff
Jpl (Xn) = Li (e 2l VT — 1) Jd'\fF P
o n

M. B. Patil, IIT Bombay



pn junction: current flow under reverse bias

V. X — X
Ap(x) = pno {exp (V—a) - 1} exp (— 7 n), X > Xp. ) )
T :

V, Xp — X
An(x) = npo |:e><p (VT) — 1i| exp <— L ) X < Xp. Ft 4_}_?&
diff diff
Je— «—J
— NS —
’ 0
-0
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pn junction: current flow under reverse bias

V. X — X
Ap(x) = pno {exp (V—a) - 1} exp (— 7 n), X > Xp. ) )
T :

f:.ff —_— — ]:siff

V, —
An(x) = npo |exp [ == ) — 1] exp XX X < Xp.

vy L,
Note that, although F4f (for x < x,) and ]-'giff (for x > xn) are in S «— 5"
opposite directions, JIf (for x < x,) and Jf,“fr (for x > x,) are in
the same direction. n— /ﬁp Pro

Npo ==t - (W /
0
-0
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pn junction: current flow under reverse bias

V. _
Ap(x) = pno {exp (V—a) - 1} exp (— x 7 Xn), X > Xp. ) )
T :
V, Xp — X
An(x)=n ex — ) —1|exp| — , X < Xp. ;
( ) PO |: p<VT) i| P( L, ) P f:.ff_, 4_}—;3&

diff diff
9 o «—J

Note that, although F4f (for x < x,) and ]-'giff (for x > xn) are in
opposite directions, JIf (for x < x,) and Jf,“fr (for x > x,) are in

the same direction. - [P o
. . . . . Npg ———————— \-1 ’ n
In particular, we are interested in J3f(x,) and Jg'ff(xn). ’ 0
JAF (x,) = 9Dnnpo (eva/vT _ 1) ~ qDnnpo
! Ln Ly
4 () = 9Dppno (eva/vT _ 1) ~ _ 9DpPro. |
p Ly Ly J:\ffj\ hJg.ff
- 0
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pn junction: current flow under reverse bias

V. _
Ap(x) = pno {exp (V—a) - 1} exp (— x 7 Xn), X > Xp. ) )
T :
V, Xp — X
An(x)=n ex — ) —1|exp| — , X < Xp. ;
( ) PO |: p<VT) i| P( L, ) P f:.ff_, 4_}—;3&

diff diff
9 o «—J

Note that, although F4f (for x < x,) and ]-'giff (for x > xn) are in
opposite directions, JIf (for x < x,) and Jf,“fr (for x > x,) are in

the same direction. e Ll
Npg ———————— \-1 / Pno

In particular, we are interested in J3f(x,) and Jgiff(xn). ’ 0
Jdiff(xp) _ qDnnpo (eva/vT _ 1) ~ _annpo’

! Ly L,
JdifF(X ) = qDppro (eVa/VT B 1) ~ _qup,,O

P L L, it yife

’ i no\ [ e

The currents are much smaller under reverse bias. _—\L/Lf—g
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pn junction: What is happening inside the depletion region?

Consider x in the depletion region, i.e., xp < x < Xp.

diff . fdrif _ 1 p(x) _ (%) —(x)
S = th_>/d¢, VT/pdp%p(Xp)fexpivT .




pn junction: What is happening inside the depletion region?

Consider x in the depletion region, i.e., xp < x < Xp.

POO () = ()

) . 1
S g — gdrift —>/d¢:—V7— /7dp—>
p

p(xp) Vr
Jdiff o _ pdrift _ /ddf:—&-V /ldn _, n(x) ~ exp Y(x) — ¥(xp)
" " ") on n(xp) Vr '




pn junction: What is happening inside the depletion region?

Consider x in the depletion region, i.e., xp < x < Xp.

S — ggrif —>/d¢:—VT /%dp—> p(x) — exp ¢(Xp)—¢(><)‘

p(xp) Vr
Jdiff o _ pdrift _ /ddf:—&-V /ldn _, n(x) ~ exp Y(x) — ¥(xp)
" " ") on n(xp) Vr '

= p()n(x) = p(xp)n(xp) = Pponpoe¥s/ VT = n? eVo/Vr




pn junction: What is happening inside the depletion region?

Consider x in the depletion region, i.e., xp < x < Xp.

ST s — it —>/d¢:—VT /%dp—} p(x) — exp P0op) —9(x)

p(xp) Vr
Jdiff o _ pdrift _ /ddf:—&-V /ldn RLIC)) ~ exp Y(x) — ¥(xp)
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— p(In(x) = P(xp)n(x) = Pronpoe¥s/ VT = n? eVa/ VT

2 : I 2
If Va >0V, pn > n; in the depletion region; else, pn < n:.




pn junction: What is happening inside the depletion region?

Consider x in the depletion region, i.e., xp < x < Xp.

ST s — it —>/d¢:—VT /%dp—} p(x) — exp P0op) —9(x)

p(xp) Vr
Jdiff o _ pdrift _ /ddf:—&-V /ldn RLIC)) ~ exp Y(x) — ¥(xp)
" " ") on n(xp) Vr '

— p(In(x) = P(xp)n(x) = Pronpoe¥s/ VT = n? eVa/ VT

2 : I 2
If Va >0V, pn > n; in the depletion region; else, pn < n:.

2
pn — n;

n(n+m) +7p(p + p1)

R—G=

— we have a net recombination inside the depletion region if V, >0V, and a

net generation if V; < 0V.



pn junction: What is happening inside the depletion region?

Consider x in the depletion region, i.e., xp < x < Xp.

ST s — it —>/d¢:—VT /%dp—} p(x) — exp P0op) —9(x)

p(xp) Vr
diff ~,  jdrift _ 1 n(x) P(x) — P(xp)
JeM = —JS —>/d1[17+V7—/ndn—> n(xp) 7exp7VT .

— p(In(x) = P(xp)n(x) = Pronpoe¥s/ VT = n? eVa/ VT

If V. >0V, pn> n? in the depletion region; else, pn < ”/‘2-
pn — n?
Ta(n+ ) + 7p(p + p1)
— we have a net recombination inside the depletion region if V, >0V, and a

net generation if V; < 0V.

R—G=

holes E Jo(x,)

recombination

q
,jrj
I -
electrons | | — q Jn(x,)
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pn junction: What is happening inside the depletion region?

Xp Xn
il )
J holes 1J (%)
= = Jo(x
q D(Xp) q "V
*j [
_ recombination
1 1
— = Jn(x electrons — = Jn(x,
. (%) 1™ (x,)




pn junction: What is happening inside the depletion region?

Xp Xn
il )
1 1
iy | holes = Jp(x,
q p(%p) q »(%0)
*j [
_ recombination
1 1
— = Jn(x electrons — = Jn(x,
. (%) 1™ (x,)

* To obtain a first-order /-V model, we ignore G-R in the depletion region.



pn junction: What is happening inside the depletion region?

i I il | ]
1 1 1 1
aJp(xp) holes aJp(Xn) aJp(xp) holes aJp(X")
o —
 recombination
] 1 I J] 1
- % Jn(xp) electrons - % Ja(x,) | a Jn(xp> electrons - a In(x,)

* To obtain a first-order /-V model, we ignore G-R in the depletion region.



pn junction: What is happening inside the depletion region?

o an Xp an
| | Jo
1 1 1 1 Jn
aJp(xp) holes aJp(xn) aJp(xp) holes aJp(x")
jVreﬁnbination
! electrons | ! —=Ja(x,) electrons ] _1 (x.)
76 ”(XP) 776 n(%,) q P | q n

* To obtain a first-order /-V model, we ignore G-R in the depletion region.
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* The total current density is the same throughout the device.
* If there is no G-R in the depletion region, we have J = J,(xp) + Jp(xn).

* Using our earlier results for Jp(xn) and Js(xp), we get

Dppn Dy
J = Jp(5m) + In(xp) = %JFw (e¥/Vr —1).
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pn junction: total current density

* The total current density is the same throughout the device.
* If there is no G-R in the depletion region, we have J = J,(xp) + Jp(xn).

* Using our earlier results for Jp(xn) and Js(xp), we get

Dppn Dy
J = Jp(5m) + In(xp) = %.}rw (e¥/Vr —1).
P n

* We can now obtain J, (x > xp) and Jp (x < xp) using Jn(x) + Jp(x) = J.



pn junction: total current density

* The total current density is the same throughout the device.
* If there is no G-R in the depletion region, we have J = J,(xp) + Jp(xn).

* Using our earlier results for Jp(xn) and Js(xp), we get
D, D
J = Jp(xn) + Jn(xp) = | TRLn0 y GZ00R0 | (o Vo/Vr _ 1),
Ly Ly
* We can now obtain J, (x > xp) and Jp (x < xp) using Jn(x) + Jp(x) = J.

M. B. Patil, IIT Bombay



pn junction: total current density

Consider the situation sufficiently far from the depletion region (i.e., about 5L, on the p-side
and 5L, on the n-side).

M. B. Patil, IIT Bombay



pn junction: total current density

Consider the situation sufficiently far from the depletion region (i.e., about 5L, on the p-side
and 5L, on the n-side).

* The current density is due to majority carriers (drift component).
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pn junction: total current density

Consider the situation sufficiently far from the depletion region (i.e., about 5L, on the p-side
and 5L, on the n-side).

* The current density is due to majority carriers (drift component).

* Since the majority carrier concentration is large, a very small electric field suffices to
produce the required current density (J9ft = gnpu,€, Jg’ift = gpupf).
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pn junction under forward bias: numerical results

z X .

T T T
J (normalised) Doping densities:

(1) Ny=Ny=10%cm—3

(Parameters: V,=0.5V, u,=1400cm?/V-s, y1p, =500cm?/V-s, 7, =10ns, 7, =10ns, T =300K)



pn junction under forward bias: numerical results

® m ® O]
- Xj - - Xj -
T T T T T T T
1 J (normalised) J Doping densities:
L ]
(1) Ny=Ny=10%cm—3
[ —Jp(%4)
L | (2) N;=10"cm—3
L i Ng=10%cm—3
Jn(x,)
JP
| | | |
40 60 80 100 40 60 80 100
x (1m) X (1m)

N, =Ng N, =10 x Ny

(Parameters: V,=0.5V, u,=1400cm?/V-s, y1p, =500cm?/V-s, 7, =10ns, 7, =10ns, T =300K)



pn junction under forward bias: numerical results

® ® ® ® ® ®
_ XJ 7 T 7 T XJ T 7 7 XJ 7

‘ J(Hormélisedj

Doping densities:

(1) Ny=Ny=10%cm—3

(2) N,=10"cm™3
Ng=10%cm—3

(3) N;=10%cm—3

Ng=107cm—3

x (um) x (pm) x (um)
N, = Ng N, =10 x Ng Ng=10 x N,

(Parameters: V,=0.5V, u,=1400cm?/V-s, y1p, =500cm?/V-s, 7, =10ns, 7, =10ns, T =300K)



pn junction under forward bias: numerical results

® ® ® ® ® ®
_ XJ 7 T 7 T XJ \7 7 T XJ 7

‘ J(Hormélisedj J

Doping densities:

(1) Na=Ny=10%cm—3

(2) N,=10"cm™3
Ng=10%cm—3

(3) N;=10%cm—3

Ng=107cm—3

40 60 80 100 40 60 80
() ()

m x (um)
(Parameters: V,=0.5V, u,=1400cm?/V-s, y1p, =500cm?/V-s, 7, =10ns, 7, =10ns, T =300K)

D, D, n? n? n? n?
Jp(xn) = qBPppno <eVa/VT _ 1), In(xp) = % (eva/VT _ 1>' Poo = — o i M
n

Npo = —

Lp no  Ng' pro Na

* The ratio JP(XH) is & ﬂ Pro = & Dn E = HpTn E
In(xp) Dy Lp npo Dn \/Dp7p Ny \/ n Tp Ny
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pn junction under forward bias: numerical results

® ® ® ® ®

Xj _ T _ T Xj T _ _ X

J(Hormélisedj J

Doping densities:

(1) Na=Ny=10%cm—3

(2) N,=10"cm™3
Ng=10%cm—3

(3) N;=10%cm—3

Ng=107cm—3

40 60 80 100 40 60 80
x (pm) x (m)

m x (pm)
N, =Ny N, =10 x Ny Ng=10 x N,

(Parameters: V,=0.5V, u,=1400cm?/V-s, y1p, =500cm?/V-s, 7, =10ns, 7, =10ns, T =300K)

D, D n? n? n? n?
Jp(xp) = T2PPr0 (eVa/VT _ 1>y In(xp) = I2n1R0 (eVa/VT _ 1>' oo = 1 DLy = ML O
Lp Ly Nno Ny Pp0 N,

* The ratio Jo(xn) is Do Lnpwo _ Do VDutn Na _ [Hip T E
In(xp) Dy Lp npo Dn \/Dp7p Ny tn Tp Ny
* Because of recombination, there is a change in J, and J, across the depletion region (which has been
ignored in our analysis). This change is seen as vertical lines in the figure since the depletion width is

much smaller than the diffusion lengths.
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Diode /-V equation

_ quPnO
Lp

J

M. B. Patil, IIT Bombay
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area=A
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Diode /-V equation

I 10°

area=A

10—2 L

[

In
L
Va

J= quPnO + annpO (eVa/VT o 1). 107100
Ly L,

— 1 =AxJ=Is(e¥/VT — 1), with IS:A<

D Dnn
q anOJrq n pO)I 100 ‘

L, L, ]
80 - =

— 40 E
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Diode /-V equation

I 10°

area=A

10—2 L

[

In
L
Va

J= quPnO + annpO (eVa/VT o 1). 107100
Ly L,

— 1 =AxJ=Is(e¥/VT — 1), with IS:A<

D Dnn
q anOJrq n pO)I 100 ‘

Ly Ln
* This equation is known as the “Shockley diode equation.” 80 .

— 40 E
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Diode /-V equation

| 10°
area=A
10721 8
1 .
— .—M—. n
P n ’ 107 1
+ oV, — <
~ 10°°F A
|y
v 10°8F 8
Va
D, Dnn 10-10
J= q an0+q nNp0 (eVa/VT—l). 0 0 1
Lp L
D Dnn
al:AxJ:Is(eVa/VTfl),withIS:A(Mer). 100 ‘
Ly Ln
* This equation is known as the “Shockley diode equation.” 80 .
* Under reverse bias, with Vg equal to a few V7 or larger, 60 i
eVa/VT = e=VR/VT 20, and | ~ —1;, i.e., the diode current <
“saturates” (at —Is). Is is therefore called the “reverse saturation =4or ]
current.” 20k 4
0 ,
1 1 l 1 1
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Diode /-V equation

| 10° T T T T
p.;u—.n
+ Vi —
J:{M_A'_M} (eVa/VT_]_)_ 104+

10—2 L

Ly n =<

—

qDppro + qDnnpo ) - 1070

== (eYs/VT —1), with [, = A (
Lp Ln

10—8 L

10-10
0

100 T
80 - B

60 - 5

I(mA)

401 1

20 - E
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Diode /-V equation

| 10° T T T T
p.;b*—. n
—2 |
v 10
J= {qupno N an"pO} (e%/Vr —1). 10-4F |
Lp L <
D, Dnn - 10°°F 4
1=y (e¥/VT — 1), with [, = A ( TPPm0 | TR0 )
Ly Ln 108k |
* In a real diode, other factors often dominate in reverse bias,
including generation in the depletion region and surface leakage. 10’10O ]
Also, as we will see, a real diode cannot withstand indefinitely large
reverse voltages and will “break down” at some point. 100
T
80 - =
60 1
< q
E st :
20 - .
0 ,
1 1 l 1 1
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Diode /-V equation

| 10° T T T T
p.;b*—. n
—2 |
v 10
J:{M_A'_M} (eVa/VT_]_)_ 104+ 7
Lp L <
D, Dnn - 10°°F 4
1=y (e¥/VT — 1), with [, = A ( TPPm0 | TR0 )
Ly Ln 108k |
* In a real diode, other factors often dominate in reverse bias,
including generation in the depletion region and surface leakage. 10’10O .
Also, as we will see, a real diode cannot withstand indefinitely large
reverse voltages and will “break down” at some point. 100
T
* Recombination in the depletion region under forward bias can be %0 )
incorporated in the Shockley equation with an “ideality factor” n |
(1<n<2): 60 N
<é q
Va Va — 40+ -
I = Ilsg exp| —— ) + Is2 ex =

. p<7]1VT> ? p<7I2VT> ]
y 20 1
~ 1 exp - |
77VT 0 1 1 1 1 1 1
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For an abrupt, uniformly doped silicon pn junction diode, N, = 107 em—3, Ny=2x 1010 cm—3,
n = 1500 cm2/V—s, 1p =500 cm2/V—s, Th=2us, Tp=5us, A= 10=3 cm?2. Compute the
following for a forward bias of 0.65V at T =300K:
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For an abrupt, uniformly doped silicon pn junction diode, N, = 107 em—3, Ny=2x 1010 cm—3,
n = 1500 cm2/V—s, 1p =500 cm2/V—s, Th=2us, Tp=5us, A= 10=3 cm?2. Compute the
following for a forward bias of 0.65V at T =300K:

(1) depletion width W and the maximum electric field En,

(2) n(xp) and p(xn),
(3) In(xp) and Jp(xn),
4)

4) the diode current /,
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For an abrupt, uniformly doped silicon pn junction diode, N, = 107 em—3, Ny=2x 1010 cm—3,
n = 1500 cm2/V—s, 1p =500 cm2/V—s, Th=2us, Tp=5us, A= 10=3 cm?2. Compute the
following for a forward bias of 0.65V at T =300K:

(1) depletion width W and the maximum electric field En,
(2) n(xp) and p(xn),
(3) In(xp) and Jp(xn),
(
(

4) the diode current /,

)
)
)
)

5) electric fields in the neutral p and n regions, more than five diffusion lengths away from

the depletion region,
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For an abrupt, uniformly doped silicon pn junction diode, N, = 107 em—3, Ny=2x 1010 cm—3,
n = 1500 cm2/V—s, 1p =500 cm2/V—s, Th=2us, Tp=5us, A= 10=3 cm?2. Compute the
following for a forward bias of 0.65V at T =300K:

(1) depletion width W and the maximum electric field En,
(2) n(xp) and p(xn),
(3) In(xp) and Jp(xn),
(
(

4) the diode current /,

)
)
)
)

5) electric fields in the neutral p and n regions, more than five diffusion lengths away from

the depletion region,

(6) the reverse saturation current /s.
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Example (continued)

(1017)(2 x 10'°)

(15 x 1010)2 =0.77V.

N,
Vi = V7 log ( > d) = (0.0259V) log

i
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Example (continued)

NaNgy (10'7)(2 x 10%6)
Wi = V7 | = (0.0259 V) log ~———-""—— 2 = 0.77V.
bi T l0g ( n/? > ( ) og (15 % 1010)2
2¢ N+ N,
W=, [= 2 (v - V)
q NaNg
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Example (continued)

NaNgy (10'7)(2 x 10%6)
Wi = V7 | = (0.0259 V) log ~———-""—— 2 = 0.77V.
bi T l0g ( n/? > ( ) og (15 % 1010)2
2¢ N+ N,
W=, [= 2 (v - V)
q NaNg

2 x11.8x8.85 x 10~ 1.2 x 1017
—\/ X 2E X80 X x % 0.12 cm = 0.097 um.

- 1.6 x 10— 19 2 % 1033
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Example (continued)

NaNgy (10'7)(2 x 10%6)
Wi = V7 | = (0.0259 V) log ~———-""—— 2 = 0.77V.
bi T l0g ( n/? > ( ) og (15 % 1010)2
2¢ N+ N,
W=, [= 2 (v - V)
q NaNg

_ [2x11.8x8.85x 107 1.2 x 1077
- 1.6 x 10—19 2 x 1033

1
(Vi — Va) = Eng

M. B. Patil, IIT Bombay

x 0.12 cm = 0.097 um.




Example (continued)

NaNgy (10'7)(2 x 10%6)
Wi = V7 | = (0.0259 V) log ~———-""—— 2 = 0.77V.
bi T l0g ( n/? > ( ) og (15 % 1010)2
2¢ N+ N,
W=, [= 2 (v - V)
q NaNg

_ [2x11.8x8.85x 107 1.2 x 1077
- 1.6 x 10—19 2 x 1033

1
(Vi — Va) = Eng

2V~ Ve) | 2x012V

—Em =
w 0.097 x 10—4 cm

= 25kV/cm.

M. B. Patil, IIT Bombay

x 0.12 cm = 0.097 um.




Example (continued)
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Example (continued)

The equilibrium minority carrier densities are

2 2 10)2 P
n: ns 1.5 x 10 -
Pro = —— & 1 = (L5 x107)° _ 1.125 x 10*cm™—3, Pro L " e
mo . Ny 2 x 1016
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Example (continued)

Xp Xn
The equilibrium minority carrier densities are p/ \n
npo = ’i ~ n? = m =225 x 103 cm™3.

Ppo ﬁa 1 x 1017
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Example (continued)

The equilibrium minority carrier densities are

n;
Pno
nno
"
npo =
p
Ppo

Q

2

i

Ny
2

nj

N,

1.5 x 1010)2
_ (51070 o5 s 10f em—,
2 x 1016

1. 1 10)2
= % =225 x 103 cm™3.
X

The minority carrier densities at x, and x, are

n(xp) = npoe"s/ VT = 2.25 x 103 x €0:65/0-0259 — 1.8 x 10 cm~3,
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Example (continued)

The equilibrium minority carrier densities are

n?  n?
Pno v
Nno Nd
n? n?
npo = L~ L
Ppo Na

1.5 x 1010)2
_ (51070 o5 s 10f em—,
2 x 1016

1. 1 10)2
= % =225 x 103 cm™3.
X

The minority carrier densities at x, and x, are

n(xp) = npoe"s/ VT = 2.25 x 103 x €0:65/0-0259 — 1.8 x 10 cm~3,

p(xn) = pnoe¥a/VT =1.125 x 10* x €9-65/0.0259 — g 9 x 10 cm—3.
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Example (continued)

The diffusion coefficients are
Dp = Vrup = 0.0259 x 500 = 12.9cm?/s,
Dp = Vrpn = 0.0259 x 1500 = 38.7 cm?/s.

The minority carrier diffusion lengths in the neutral regions are

Lp = \/Dp7p = V12,9 x 5 x 106 cm = 80.3 um,

Ln=+/Dnmn =+/38.7 x 2 x 10~6cm = 88 um.

Pro
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Example (continued)

The minority carrier current densities at x, and x, are

Dy pn . )
Ip (o) = : fp : (eva/VT N 1) (n)
p
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Example (continued)

The minority carrier current densities at x, and x, are

9Dppro ( v,/v
Ip(xn) = en/ T —1 ® ©
P Ly ( ) G )
-19 4
_ 1.6 X107 x12.9 x1.125 x 10  8.12 x 10
80.3 x 104
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Example (continued)

The minority carrier current densities at x, and x, are

9Dppro ( v,/v
Ip(xn) = en/ T —1 ® ©
pAsn Lp ( ) N W,
-19 4
_ 1.6 x 10 x 12.9 x 1.125 x 10 % 8.12 x 1010
80.3 x 10—4
=0.235A/cm?.
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Example (continued)

The minority carrier current densities at x, and x, are

qDppno _
Jp(xn) = 7& (eVa/VT — 1) ® ()

_ 1.6 x 10719 x12.9 x 1.125 x 10*

x 8.12 x 10'°
80.3 x 10—4
=0.235A/cm?.
Dpn
In(xp) = % (eva/VT — 1)
n
—19 3
_ 1.6 x 10 x 38.7 x 2.25 x 10 % 8.12 x 1010
88 x 104
=0.13A/cm?.
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Example (continued)

The minority carrier current densities at x, and x, are
Ip(xn) = 9Dppro (eVa/VT - 1)
Lp
1.6 x 10719 x 12.9 x 1.125 x 10*
- 80.3 x 10—
=0.235A/cm?.

x 8.12 x 10%°

Dpn
Jn(xp) = T17P0 Ln 20 (eva/VT - 1)
n
-19 3
_ 1.6 x 10 x 38.7 x 2.25 x 10 % 8.12 x 1010
88 x 10—4

=0.13A/cm?.

The diode current [ is

I = A(Jp(xn) + In(xp))
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Example (continued)

The minority carrier current densities at x, and x, are

qDppro ¢ v, Ya% _
Jp(xn) = ——— (/T -1 (n)
P L, ( ) )
-19 4
_ 1.6 x 107+ x 12.9 x 1.125 x 10 % 8.12 x 1010
80.3 x 10—*

=0.235A/cm?.

Dpn
Jn(xp) = T17P0 Ln 20 (eva/VT - 1)
n
-19 3
_ 1.6 x 10 x 38.7 x 2.25 x 10 % 8.12 x 1010
88 x 10—4

=0.13A/cm?.

The diode current [ is

I'=A(Jp(xn) + Jn(xp))
=10"3cm? x (0.235 + 0.13) A/cm?
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Example (continued)

The minority carrier current densities at x, and x, are

qDppro ¢ v, Ya% _
Jp(xn) = ——— (/T -1 (n)
P L, ( ) )
-19 4
_ 1.6 x 107+ x 12.9 x 1.125 x 10 % 8.12 x 1010
80.3 x 10—*

=0.235A/cm?.

Dpn
Jn(xp) = T17P0 Ln 20 (eva/VT - 1)
n
-19 3
_ 1.6 x 10 x 38.7 x 2.25 x 10 % 8.12 x 1010
88 x 10—4

=0.13A/cm?.

The diode current [ is

I = A(Jp(xn) + In(x))
=10"3cm? x (0.235 + 0.13) A/cm?
= 0.365 mA.
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Example (continued)

In the neutral n region more than 5L, away from the depletion region,
J = Jn = qun& a0, leading to

A ® ™
0.365 {7}
cm?

J

n — —
neutral

2 1
GHnfIn0 4 6 % 10-19 [C] x 1500 {ﬂ} x 2 x 1016 {—}
V. cm3
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Example (continued)

In the neutral n region more than 5L, away from the depletion region,
J = Jn = qun& a0, leading to

0365 [ A ® ™
n — J _ ' |:Cm2:|
neutral — - 2
1
GHnfIn0 4 6 % 10-19 [C] x 1500 {ﬂ} x 2 x 1016 {—}
V- cm3
=0.076 V/cm.
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Example (continued)

In the neutral n region more than 5L, away from the depletion region,
J = Jn = qun& a0, leading to

0a6s [A ® O]
365 | —
L Ed
neutral - 2
1
GHnfIn0 4 6 % 10-19 [C] x 1500 {ﬂ} x 2 x 1016 {—}
V- cm3
=0.076 V/cm.
Similarly,
0.365 A
p 4 ) cm?
neutral - 2 1
KPP0 1 6 % 10-19[C] x 500 | S | x 1 x 107 |
V-s cm3
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Example (continued)

In the neutral n region more than 5L, away from the depletion region,
J = Jn = qun& a0, leading to

oaes [ A ® O)
365 | —
L Ed
neutral - 2
1
GHnfIn0 4 6 % 10-19 [C] x 1500 {ﬂ} x 2 x 1016 {—}
V- cm3
=0.076 V/cm.
Similarly,
0.365 A
P _J ) cm?
neutral - 2 1
KPP0 4 6 % 10-19 [C] x 500 Rl} x 1 x 1017 [—3}
-s cm
=0.045V/cm.
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Example (continued)

In the neutral n region more than 5L, away from the depletion region,
J = Jn = qun& a0, leading to

0.365 A
n _J ' cm?
neutral - 2
1
GHnfIn0 4 6 % 10-19 [C] x 1500 {ﬂ} x 2 x 1016 {—}
V- cm3
=0.076 V/cm.
Similarly,
0.365 A
P _J ) cm?
neutral - 2 1
KPP0 4 6 % 10-19 [C] x 500 Rl} x 1 x 1017 [—3}
-s cm
=0.045V/cm.

Note that these values are much smaller than &, in the depletion region
(25kV/cm).
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Example (continued)

The reverse saturation current /s is given by

I = A x <7qu’°”° + 7qD""”°>
L, L
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Example (continued)

The reverse saturation current /s is given by

I = A x (LD"””O + 7qD""”°>

Lp Ln
103 <1.6 x 10719 x 12.9 x 1.125 x 10* L 16X 10719 x 38.7 x 2.25 x 1o3>
B 80.3 x 104 88 x 104
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Example (continued)

The reverse saturation current /s is given by

I = A x (LD"””O + 7qD""”°>

Lp Ln
103 <1.6 x 10719 x 12.9 x 1.125 x 10* L 16X 10719 x 38.7 x 2.25 x 1o3>
B 80.3 x 104 88 x 104

=45x 10" A (i.e., 45fA).
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Example (continued)

The reverse saturation current /s is given by

I = A x (LD"””O + 7qD""”°>

Lp Ly
_10-3 <1.6 x 10719 x 12.9 x 1.125 x 10* N 1.6 x 1071 x 38.7 x 2.25 x 1o3>
B 80.3 x 10—4 88 x 10—4

=45x 10" A (i.e., 45fA).

Note how small /s is. The only reason we can get significant currents (~ mA)
in forward bias is the huge exponential factor (eVa/VT) in the Shockley
equation.
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Forward bias: summary

Xp, Xn

(Note : log scale)

0.8

o

M#W—va
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Forward bias: summary

Xp| Xn 0.8 T T

o

Npo

(Note : log scale)

* On the p side, 5 L, away from x,, J ~ Jdrift
resulting from a small (positive) electric 0
field.

Mﬁ—va
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Forward bias: summary

Xp| Xn 0.8 T T

Poo—— n

o

Npo

(Note : log scale)

* On the p side, 5 L, away from x,, J ~ Jdrift
resulting from a small (positive) electric 0
field.

* Holes continuously injected from the p side
recombine with electrons on the n side. JL
¢ 1 (Voi = Va)

M. B. Patil, IIT Bombay



Forward bias: summary

Xp| Xn 0.8 T T

o

Npo

(Note : log scale)

* On the p side, 5 L, away from x,, J ~ Jdrift
resulting from a small (positive) electric 0
field.

* Holes continuously injected from the p side
recombine with electrons on the n side.

* 5L, away from x,, there are no excess holes, m -Va)
and p = pno. }
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Forward bias: summary

Xp, Xn

(Note : log scale)

0.8

o

M#W—va
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Forward bias: summary

Xp| Xn 0.8 T T

o

Npo

(Note : log scale)

* On the n side, 5L, away from x,, J ~= Jd"ift

resulting from a small (positive) electric 0
field.

Mﬁ—va

M. B. Patil, IIT Bombay



Forward bias: summary

Xp| Xn 0.8 T T

o

Npo

(Note : log scale)

* On the n side, 5L, away from x,, J ~= Jd"ift
resulting from a small (positive) electric 0
field.

* Electrons continuously injected from the n

side recombine with holes on the p side. JL
¢ 1 (Voi = Va)
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Forward bias: summary

Xp| Xn 0.8 T T

Poo—— n

o

Npo

(Note : log scale)

* On the n side, 5L, away from x,, J ~= Jd"ift
resulting from a small (positive) electric 0
field.

* Electrons continuously injected from the n
side recombine with holes on the p side.

* 5L, away from xp, there are no excess m -Va)
electrons, and n = npg. 1
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