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Notation for This Chapter A

Table 8.1 | Commonly used terms and notation for this chapter

Term Meaning
N, Acceptor concentration in the p region of the pn junction
Ny Donor concentration in the n region of the pn junction
Mo = Ny Thermal-equilibrium majority carrier electron concentration in the
n region
Pro = Na Thermal-equilibrium majority carrier hole concentration in the p region
n, = n;IN, Thermal-equilibrium minority carrier electron concentration in the
p region
Pao = N INy Thermal-equilibrium minority carrier hole concentration in the n region
n, Total minority carrier electron concentration in the p region
Pr Total minority carrier hole concentration in the n region
ny(—x,) Minority carrier electron concentration in the p region at the space
charge edge
PalX,) Minority carrier hole concentration in the n region at the space charge

on, = np, — Ny
8pn = Pn ™ Pno

edge
Excess minority carrier electron concentration in the p region
Excess minority carrier hole concentration in the n region



Energy Band Diagram B

¢ If a positive voltage Is applied to the p-region with respect to
the n-region, the potential barrier iIs reduced. This bias
condition Is known as the forward bias.
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Energy Band Diagram of PN Junctiofy ™

¢ The Forward bias opposes the built in potential and reduces
the barrier for carrier injection across the junction.

“*When a forward bias iIs applied to a pn junction, a current
will be induced in the device.
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Ideal Current-Voltage Relationshi TAIPE

*»» Almost all of this bias voltage Is across the junction
region.

‘-

» The forward bias reduces the potential barrier and disturb
the thermal equilibrium.

‘ p—

**The majority carrier electrons from the n-region are
Injected Into the p-region, and the majority carrier holes
from the p-region are injected into the n-region.
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Ideal Current-Voltage Relationshi TAIPE

% Electron concentration in N-type: n,, = N,

2
n.

«* Electron concentration in P-type: 7,9 == I

0 ==
Na

Vb; — k—TlIl

— ex (_evbi)
NNd P\™%T

. —eng
0 = o exp (7

NNd)

“*The equation relates the minority carrier electron
concentration on the p-type to the majority carrier

electron concentration on the n-type of the junction
7






Ideal Current-Voltage Relationship TAPE

»If we assume low-level Injection, the majority carrier
electron concentration on the n-side, n,, does not change
significantly. The minority carrier electron concentration
on the p-side, n,, can deviate from its equilibrium value,
Ny, Dy orders of magnitude.

N,0 =| Mo EXP ( _]2{5’5) Applied Forward Bias
n, = Ny €X (—e (Vo = Va)) =N, €X (—eVm) ex (+6V“)
p — Mo ©2P kT 0 CPATRT )|\ TRT

_ eV,




Ideal Current-Voltage Relationship TAPE

“*The minority carrier electron concentration in the p-
region becomes larger than its equilibrium value when a
forward bias Is applied.

_ eV,

*»The same derivation can be applied for the minority
carrier holes in the n-region.

_ eV,
-

10



Excess Minority Carrier Ao

“* Excess carriers are subjected to the diffusion processes
due to the applied forward bias.

“+ The minority electron concentration decreases into the p-
region and the minority hole concentration decreases into
the n-region due to recombination.

P n

' eV
: /"""_ j}“(!l.'”::l = PanXp \; .E-.’TIJ
Hole injection e :
b ¢ : ~a- Electron injection

ni—x,) = n,exp | —
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Example Pl

“*Consider a silicon pn junction at T = 300 K with n;=
1.5x101% cm=. Assume N=1x10* cm= and V,=0.6V.
Calculate the minority hole concentration at the edge of the

space charge region.

_ eV,
pn(xn) — Pno €XP ( kT )

n. (1.5 X 10'9)? .

Pro — Fd — 1016 — 225 X 10 cim -

pa(x) = 2.25 X 107 exp( 0.60 ) — 950 X 10" cm>
0.0259

The minority carrier hole concentration increases by
many orders of magnitude. 12
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Distribution of Minority Carrier TAPE

“*The ambipolar transport equation describes the
distribution of the excess minority carriers as a function
of time and space. For the minority holes In the n-type,

we have: S0, = D,~ Dry
9°(0p,) d(6p,) ,  Op, _ 0(0p,)
D, ox? My Ox T8 Too Ot

“»* Assume that the electric field is zero in both the neutral
n- and p-regions. Thus, for x > x_, E = 0 and g’=0. If we
consider the steady state, so d(dp,,) /ot =0

d*(p,) P,
dx” Tho

14
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Distribution of Minority Carrier -™F*
“Let L2, =D,z
d*(0p,) _ Op,
dx? L’

“Let L%, = Dz, For the minority electrons in the p-
type, we have:

d*(én,) on,
dx? L
¢ The general solutions are:

=0 (x > x,)

=0 (x <x,)

Op,(x) = p,(x) — puo = Ae¥t» + Be ™/ (x = x,)

8n,(x) = ny(x) — nyy = Ce’’n + De™¥/n  (x = —x,)
15



Distribution of Minority Carrier TAPE

Opn(x) = po(X) — ppo = Ae¥'» + Be /Ly (x = x,

on,(x) = ny(x) — n,y = Ce¥’tn + De */bn (x = —x,)

“» Boundary conditions:

p | n oV

— ev&‘ Hole injection ———-— i u/— Py l%}

p?’l(x?’i) T pn() exp kT - § ® i ] Electron injection

() = mgexp [l—T} % i
_ A% A
np(_xp) o npU exp( k]il) ““““““““““ io f

pn(x — —|_OO) — pnO A:O
np(x — _OO) — np(} D=O

16



Distribution of Minority Carrier (TAPEL

Opn(x) = po(X) — ppo = Ae¥'» + Be /Ly (x = x,)

(el —x,/ X=X eV,
Phno €XP Jpﬂﬂ_Be 2 pn(xs Pno eXp( )
kT kT
(el
Mpo €XP : H]HPO =Ce ®'"
kT
! _— 1-
B=p,, exp{ea —1 )™
i kT /)
- _
C=ny, ex[{g 2|1l
kKT ) .
B B eV, X, — X
SPH(‘X) — pn(x) Pnro — Pno| €XP ( kT) 1 exp( Lp ) (.x = Xn)
eVa X, + Xx
omy(3) = m(5) = 0 = malexp( G = 1 [exo (7] | = )




Distribution of Minority Carrier TAPE

< A forward-bias voltage lowers the built-in potential barrier of a
pn junction so that electrons from n-region are injected across the
space charge region to create excess minority carriers in the p-

region.

¢ These excess electrons diffuse into the bulk p-region, where they
recombine with the majority holes. The excess minority carrier
electron concentration decreases with distance from the junction.

p

fypy ===

1, (X)

n

18
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Diffusion Current Density g

Illl.

1\}.
-]

¢ For electrons:

=
= 1
+ +direction £ Electron {lux
Z1
d 8|
J .= e _n 3 : current density
i " dx !
il
o |
—_ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ; ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
s For holes:
— -+ .
o
d it : Hole flux
EZ = |
J Sy — &
p | f p dx g i current density
g
| 2|
different direction =
X —

D is the diffusion coefficient (cm?/s)



Total Current (Drift & Diffusion) .7

*+» Total Electron Current Due to Drift and Diffusion
an
J, =enu,E, +eD, ™

+»» Total Hole Current Due to Drift and Diffusion

d
Jy =epu,E, —eDb, d_)FZ

¢ Total current density in 3D:

J = €annE(—|— epuij + eDﬂvln — ervlp

Y
Drift

Diffusion



Ideal Current-Voltage Relationship:_:T!-“T/':'Z:EHI

¢ The total current will be the sum of the electron and
hole currents at any spatial location, including both
drift and diffusion currents.

¢ The total current i1s a constant through the entire pn
structure.

“*The Individual electron and hole currents are
continuous functions through the pn structure

¢ The individual electron and hole currents are constant
throughout the depletion region.

22



Ildeal Current-Voltage Relationship -* AP

+»» Because the electric field (E) at the space charge edges
assumed zero, the hole drift current at x=x, and electron drift
current at x=-x, Is neglected.

*»» Because the electron and hole currents are constant throughout
the depletion region, only hole diffusion current at x=x, and
electron diffusion current at x=-x, need to be considered.

. . . Current 4
Excess minority carrier d'E-‘l]Eit}.':
distribution under forward bias p | n
|
|
/ |
J, - |
n KE: (x I]n al = I[.'I. .} + .lir{ A _:| : — f}h }I
| L
= M Y | dp (X)
“ﬂ'JU - ! Jp(xn) - _er =X
If”{_.x.ﬁ;l ’_‘/ : dx | Xn
|
dn,_(x |
Jll(_ xp): eDll p( ) |
dx li=s, -x, x=0 x

fi n



Ideal Current-Voltage Relationship - Al

| X, — T
@Ju{x} ( ) Pao = pnﬂ|:egpl T 1:| EXP[ J" > ‘}"#11
kT / L,
Cil.ll'l"{:‘-m+ dpn{l.} |: EJI ) l:|
density : = —
P i " 2 a o - kT J
i dp. (: 2D
. _,r,J[_rJ_,}/Jr i | \J {.‘{‘ ): _eD P 11{T] _ € pp n0 ex }:{ Fla ‘ :|
J / | — I | Y PV D
—1 | dx x=x, Lp kT
i |
Jo(—x,) : {:,V + T
| oy (x) = ny(x) = nyy = nye| €X 1 |exp 2 (:{‘ < —J{‘p)
-x, x=0 ux, ;{'T A \ Lﬂ )
dn,(x) 1 { Plf eV, J }
=—1,, €X —1
dr e I, kT
~ dn_(x 2D n “el
Jﬂ[_ TF'J = EDH = } B f-n—pl::l |:EI::{ : ) 1:|
ff.T _};’=—J*'T I’l‘l h, J'i‘f-T /
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Ideal Current-Voltage Relationshi TAIPE

¢ Total current density of pn junction diode:

erpn_O eDnnpO (eVa) .
7 + I eXp| 77 1

P

/

J=Jx,) + J.(—x,) =

J - eD,p,o N eD,ny|| mmm 5 - eD, |_ (€D N’
] Lp Ln - LhNd LeNa
: : ev,
|deal-diode equation J = Jg|exp ( ) —1 }
kT
D,: Diffusion coefficient of excess minority electron in p-type
L.: Diffusion length of excess minority electron in p-type | = 1/D T

T, . Lifetime of excess minority electron in p-type 25



Ideal Current-Voltage Relationshi TAIPE

“If V, becomes negative by a few kT/e volts, then the
reverse-bias current density becomes independent of the

reverse-bias voltage. J. Is called the reverse-saturation

current density.

J —
—1 P
+ V. —
S = N
L]
t vy

Ideal diode equation:

J = J

eV, |
exp () 1]

26



Forward Bias: Diffusion Current _TAIPE!

|-V characteristics of Ge, SI,
and GaAs pn junctions.

Cut in Voltage

C u rrent A multimeter with a diode setting can be used to me:
A Ge S1 GaAs

J. = eD, N eD, n?
I—hNd I—eNa
~0. 1 MA p--- e

—— > Voltage | n2=n.n,exp _kTg]
0 02 04 0.6 08 1.0 27

https://learn.sparkfun.com/tutorials/diodes/real-diode—characteristics




7
Example A

»» Determine the idea reverse-saturation current density in a
Si pn junction at T=300K.

N,=N,=10"%cm™’ n, = 1.5 X 10°%¢cm™3
D, = 25 cm?/s Too = Too = 3 X 1077 8
D, = 10 cm?/s e = 11.7
. eDnnpO erpnO _ 2( 1 A /Dn. L'\ /&)
Js = L, " Lp h= e N, Tno i N, Tpo
_ 19 one [ 1 25 1 10 )
J, = (1.6 X 1079)(1.5 X 10") (1016 =5 tow \ 55 1o

J.,=4.16 X 107" A/cm?

The ideal reverse-bias saturation current density is quite small.
28



Example A

Example: consider a silicon pn junction at 7= 300 K that 1s forward
biased at I, = 0.60 V. Consider the p-region to be doped to N, = 3 x
10%° em™ and assume the following parameters for the minority carrier
electrons: D, =25 cm?/s, 7, = 107" s. Determine the electron diffusion
current densny at the edge of the space charge region

eD n, el | D ﬁf el
J(- xp) =lexp — |1 exp —1
L kT \ r., N, kT

1

< 10 Y
‘fn( ) (16}{10 19) 25 (ljxlﬂ }{EKP( p J_l:|:2181§1[31111

Vio7  3x10° L0.0259

29




Example A
“* Determine the N, and N, In a Si pn junction at T=300K
such that J,=20 A/lcm? and J,=5 A/cm?at V,=0.65V.
D, = 25 cm?/s Too = Too = 3 X 1077 s
D, = 10 cm?/s e = 11.7
_eDimp[ eV, _A/D. . m eV, _
Jp = I exp(kT)—ll—e To N, exp(ﬁ 1]
1. 1 1042
20 = (16 X 100 5B - 5 [enp (559 ) — 1
N, = 1.01 X 10" cm™
. eDy, o eV, - D, . 7’13 eV, _
Jp— Lp exp(kT _1]—6 'Tp_U E exp(ﬁ) 1]
(1.5 X 107 0.65 ) _
N eXp(o.0259) 1]
30

s—aﬁxuw%vsxm7

2.55 X 10 ¢cm™3

N, =



Ideal Current/Voltage Relationship e

Forx >x:

el
exp( ‘ J—l}
kT
Forx < —x_;
i el | X +Xx
oy (x) = n,(x)—ny, = ny, E:Kp( i ]l exp|
i kT | L,

J.(x) = ep, T dn (T) E?DHHPD {E ]Z{ eV, ) 1} E}ip( x, + x]

dx L kT L

1 i

31




Ildeal Current/Voltage Relationship -* AP

¢ The minority carrier diffusion current density decreases with
distance away from the junction. Since the total current density is
constant, the majority carrier current density must increase.

> The drift of the majority hole in p-type towards the junction is to
supply the carriers that are being injected across the space charge
region and also to supply the carriers that are lost by recombination
with the excess minority electrons.

dn eD n el X +x
J(x)=eD, 1 ) 2 §0 {e‘q{ —"] — 1} exp| -
dx L kT L,

Current 4
density |
|

P | n

101
b
n\. vp
-
lectron diffusion 1
current ’\
|

=% Z=0 g




Example A

¢ Consider a silicon pn junction at T = 300 K with the following
parameters and an applied forward-bias voltage V, = 0.65 V:
Calculate the electric field in a neutral region to produce a
given majority carrier drift current density

N,=N,=10%cm™. n.=1.5x 101 cm™.
D_ =25 cm?/s, o= Ty =3 % 1077s,

— 2 fa — — 2\ .
D, =10 cm?/s, &=11.7. L, = 1350 cm?/(V-s).

|1 'F 1 [D, »
J, =en’ + —2 |=4.16x107"A/em’

N, \ T N \ The electric field in the
, 0.65 ) - |neutral region is very
J=17,|exp (‘%) —1} J 2[4-16“[}_“{3@[ 0.0259 J-'[}:S.S()Amn- small. Therefore the
approximation of zero
J = el N E electric field in the
J 330 bulk p- and n-regions
E = - = ‘ =1.53Viem |is very gg(}d_

i N, (1.6x10"°)1350)10') 33
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Reverse-Bias Generation Current

1 Q
-
ﬂ
<
(¢))

FOSZ% % e :—‘

—II+ —

I I /= Very Small
r r

(d) Thermal generation of electron hole

(c) Reverse bias conditions. pairs in the depletion region results in
a small reverse current, J ., 35
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Reverse-Blas Generation Current -TAPe

“* The flow of charge is In the direction of a reverse-bias
current. This reverse bias generation current Is
additional to the ideal reverse-bias saturation current

“*Js Is Independent of the reverse bias voltage. Jg,
depends on the depletion width and thus is a function of
the reverse-bias voltage.

E, E-field

36



Example-1/2 AP

“»+ Consider a silicon pn junction under reverse bias at T =
300 K with the following parameters: N,=N,=10'° cm-3, n,
= 1.5x10% cm3, D,=25 cm?/sec, D,=10 cm?/sec, 15 = 1,,=
T0= 5 X107 sec, g = 11.7, V,; + Vg = 5V. Determine the
Ideal reverse saturation current density and the generation
current density.

1 |D 1 D q
Jso {[ €D, j{ €D, ﬂnf Jg = E”f FJF F —4.16x10 M A/cm?
LhNd LeNa Na ]\ fnl:l Nd \‘ Tpll]

Nﬂ]fd) = (0.0259) In [

n.

l

(10'°)(10'°)
(1.5 X 10)2

Vii = Vi 1n ( ] = (0.695V

37



Example-2/2 AP

W= {2 Es(Vbi + VR) (Na 4 Nd)}l/‘z

¢ NaNd
_ 2(11.7)(8.85 X 10_14)(0.695 + 5) 7106 + 106 1/2
1.6 X 107" 1(1016)(1016)]

= 1.214 X 10~* cm

enW _ (1.6 X 1079)(1.5 X 10')(1.214 X 10~
270 2(5 X 1077

_ The generation current density

- 7 2

_ 2914 X 107" A/em IS the dominant reverse-biased
Joen 4 current in a Si pn junction
g 213 XAV =7 % 10° diode.

Jgen —

38
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Junction Breakdown AR

“*The reverse-bias voltage applied on pn junctions
cannot increase without limit. Up to a certain
threshold, the reverse-bias current will Increase
rapidly.

“*The applied voltage at this point Is called the
breakdown voltage.

“* There are two mechanisms causing the reverse-bias
breakdown in a pn junction: =V curve

Vi,

1. Zener Breakdown | ’
2. Avalanche Breakdown

39




P
1. Zener Breakdown LIRS

“*In highly doped pn junctions through a tunneling
mechanism. The conduction and valence bands on the
opposite sides of highly doped pn junctions are very close
under reverse bias so that electrons may tunnel directly
from the VB on the p-side into the CB on the n-side.

p region n region

1=V curve E

40




2. Avalanche Breakdown AR

¢ Electrons/holes moving through the space charge region acquire
sufficient energy from the electric field (Vg) to create
electron-hole pairs by colliding with atoms. The newly created
electrons/holes move in opposite directions due to the electric field
and thus contribute to the reverse-bias current. In addition, the
newly generated electrons/holes may acquire sufficient energy to
lonize other atoms, leading to the avalanche process.

P Space charge region n

-l
E-field

. ;’/FH
P P
Diffusion ® 7~ Diffusion
— —_—— —
ufd%( ) () il of holes 41
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Forward-Bias Recombination Current TAIPE!

“*Under forward bias, it 1s possible that some injected
electrons and holes will recombine within the space
charge region and not become part of the minority
carrier distribution.

p n
P n .
J' L— Recombination
TR »
- L | : Ir.l
P —— P | s PO = pogexp (—)
] o A ) kT
J{‘.-.'. \H\‘N—— _lu--Jl-_--_-\
Fr w EC |
I B | (2}
i “Fin | poX)aexp |—
Epp===——————- —— ‘_(EF:' / | Y L,
-""‘-l-f
/ Fom————————— .IE'.-FI. |
Epy—=--—-—d— - p”ﬂ]J:
_, |
El-' _—-""'\-..\\[I'Ff‘ I
. |
t"' : ———————————————————————— pn{)

|
x=10 }

(Epn — Ep) + (Ep — EFp) = eV,

43



Forward-Bias Recombination Current _TAPE

+*The maximum recombination rate occurs at the
metallurgical junction since

V,
Ep, — Epy = Ep — Ep, = 82
** The max recombination rate Is:
Relative
_n; eVa recnmbinatiﬂnT
Rmax — 270 eXp(ZkT) rate

¢ The recombination current density Is:

w
Jm:f e¢R dx
0

g o—eWn (eVa)_ ;[ eVa 4321 01 23 456
Irec 27-0 P 2kT r0 P 2kT Relative distance through space

charge region

_...

44



Forward-Bias Recombination CurrentTAPE

¢ The total forward-bias current density iIs the sum of the
recombination and the ideal diffusion current densities:

eV, eV,
J=J . .+ =J e}q{ ]—l— J. E}{p[ J
2kT kT

“* In general, the diode current-voltage relationship can be
described as:

** nis ideality factor 45



Forward-Bias Recombination CurrentTAFE

= TECH

**At a low current density, the recombination current

dominates, and at a high current density, the diffusion
current dominates.

Take the log of both current densities:

In (J)—»

eV V
InJree = InJyp + 7% = In Jg + 55
N Jree nJ, KT nJy 2V,
eV, V.
— + a — -+ _4a
\ Ideal diffusion ln JD ln JS kT 11‘1 JS ‘/r
current, Jp,
Recombination (slope = 1) V
Pt current, J.. e
In (o) =~ (slope = 3) I =1 [exp(nk%) - ]

In() 1
nn = 1: diffusion dominates
i1 = 2: recombination dominates

eV,
T 46
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