Unit-li

»Non-equilibrium excess carriers
in semiconductors



»

Non-equilibrium excess carriers
in semiconductors

v Excess electrons in the conduction band and excess holes
In the valence band may exist in addition to the thermal-
equilibrium concentrations if an external excitation is
applied to the semiconductor.

v' Excess electrons and excess holes do not move
iIndependently of each other.

v They diffuse, drift and recombine with the same effective
diffusion coefficient, drift mobility and life time.

This phenomenon is called ambipolar transport.
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Carrier Generation & Recombination

** Generation is the process whereby electrons and holes are
created.

** Recombination is the process whereby electrons and holes are
annihilated.

** In thermal equilibrium, electrons breaks out covalent bonds
due to the acquisition of enough thermal energy and hop from
the valence to the conduction band. This creates both a free
electron and a free hole (generation).

** By the sake token there are free electrons that lose some of
their thermal energy when they encounter a hole and fall back
into covalent bond (recombination).



Semiconductor in Equilibrium

e O Thermally generated free
\ E, electrons and holes must
come In pairs
Electron-hole Electron-hole
generation recombination Gno =G 0o
and they will also recombine
E . .
® ] In pairs so
Rno — Rpo

In thermal equilibrium the total number of free electrons
and holes is constant so the rates at which they are being
generated must be equal to the rates at which they are

recombining.

Gno :Gpo — Rno — I?po



Excess Carrier Generation

»Photogeneration

Electron in VB may be excited into
conduction band by incident of high
energy photon on semiconductor
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Excess Carrier Generation.......

»Phonon generation

= Phonon generation occurs when a
semiconductor is under thermal
excitation

= By increase of temperature, lattice
vibration increases, which produces
more phonons. Due to this covalent
bonds break down and e-h pair
generated

» Impact ionization

= One energetic charge carrier
will create another charge
carrier

Avalanche Breakdown
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Excess Carrier Recombination

> Radiative Recombination i-m Heat

e It occurs in direct SC ‘
e Electron from CB minimum falls to
VB maximum without changing h=E, Recombination
momentum and emitting one e > hu=Eg
photon

Fig. 5.6 Radiative recombination

»Schockley Read Hall Recombination

Electron from CB minimum come to a defect level in between band gap by radiating
energy by photon or phonon and turns from that defect level to VB.
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Fig.5.7 S$-R-H recombination process



Excess Carrier Recombination....

» Auger Recombination

 Three carriers are involved

e Electron and hole recombine but instead of emitting energy as photon or
phonon, the energy is given to third electron in CB.

 The third excited electron comes back to the CB by emitting energy as heat.

e |t occursin heavily doped SC
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Fig. 5.8 Augvr-recambirmﬁon process



Direct and Indirect Recombination

» Direct recombination occurs in direct band gap SC where CB minimum and
VB maximum occur for same momentum.

» Electron from CB directly falls to VB by emitting photon of energy equal to
band gap of SC

» Indirect recombination occurs in indirect band gap SC

» Electron of CB has to change momentum to come upon the VB top and the
recombination occurs
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Fig. 5.9 (a) Direct recombination (b) Indirect recombination



= External

events,

Excess Carriers

such as

incident photons, increase in

temperature etc., can disrupt the thermal equilibrium and create
additional electron-hole pairs.

= These “excess” charge carriers are generated in pairs.

= The generation rates of excess electrons and excess holes, are
equal i.e.
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Excess Carriers......

= The number of actual excess electrons and holes generated
by external event are on and op. Thus the total number of

free electrons and holes in the semiconductor can now be
given as:

n=n,+on o |
n, thermal equilibrium electron concentration
P = po 4+ 5p P, thermal equilibrium hole concentration

= |n thermal equilibrium, the excess electrons and holes also
recombine in pairs so recombination rates for electrons and
holes must be equal to

anRp Oy Oy -




Excess Carriers......

» For the simple model of recombination i.e. direct band-to-band
recombination, the recombination occurs spontaneously, thus the
probability of an electron-hole pair recombining is constant with time.

» Moreover, the rate at which electrons recombine must be proportional to
both the electron concentration in CB and hole concentration in VB.

» The net rate of change in electron concentration is written as:
S L 010)
t
h
WIETE n(t)=n, +on(t)
p(t)= p, +ap(t)

The term ,.n? s the thermal equilibrium generation rate.

Noted that the entire expression in the parentheses will be less than (or equal
to) zero so that the derivative is negative. This indicates that the value of n(t)
IS decreasing due to recombination.



Excess Carriers......

Since n, is constant with respect to time the derivative can be taken with
respect to on instead of n.

Also, since excess electrons and holes are generated and recombine in
pairs so that on(t) = op(t).

Making these substitutions and expanding the terms out we find:

e :nf —(n, +on(t)) p, + 5I0(t))]

=, :niz —{n,p, +n,dp(t)+onl(t)p, + 5n(t)5p(t)}]

= —a,[non(t)+ n(t)p, + on(t)on(t)]

r]i — r]o po



Low-Level Injection

» The differential equation derived at this point isn't easy to solve at the
moment. However, if restriction/condition is imposed on this equation I.e.
“low-level injection” (a common situation) it can solve easily.

» Low-level injection simply means that the number of excess carriers is
much smaller than the thermal equilibrium values of the majority carrier
concentration. That is (for p-type material), dn(t) « p,.

» For p-type material we also know that n, « p,. Therefore, looking at that
equation

% = —a, [n,on(t)+ on(t)p, + on(t)on(t)]

Noted that the on(t)p, term will dominate the other two terms on the right-
hand side of the equation.



Low-Level Injection.....

We can thus approximate this equation as

d(on(t))

o = almn(t)p,]

This is a simple first-order differential equation having a solution

&n(t)=on(0)e ™" = sh(0)e ¥

where 7, the excess minority carrier lifetime, is given by 1, = (o,p,)* .

Noted that the excess minority carrier lifetime depends on the majority
carrier concentration.

The excess carrier recombination rate, R, is the change in the number of
excess carriers, on(t), so we can write

R, =— d(en(t) _ o, p,on(t)= an(t)

n
dt oo -




Low-Level Injection.....

» For direct band-to-band recombination, the excess majority carrier holes
recombine at the same rate (if an electron has recombined, it obviously
must have recombined with a hole therefore subtract BOTH one free
electron and one free hole).

» Since the two rates are equal we can write, for p-type material,

» A similar derivation can be done for low-level injection in n-type material to
yield
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Continuity Equations

v’ Let us consider the flux of particles into and out of a small box.

v' Assume the flow of particles only occurs in 1-D along the x-axis and the
box has a differential volume (dx-dy-dz).

v' Assume patrticles are holes. Then using a first-order Taylor expansion we can
relate the flux of particles into the box to the flux of particles out of the box as

. . oF
Fo(x+dx)=F(x)+ 8)? dx

F* is hole particle flux or flow
> 17



Continuity Equations........

v The net increase in particles within the volume would be the difference of
the two fluxes (multiplied by the surface area)

_OFE* |

[Fp;(x)— o (x+ dx)b/iz = axpx dx |dydz

Area

v But the net increase in particles inside the box could also be written

P dxdydz
@t Volume

So

oF'
@dxdydz = ——2 dxdydz
ot OX

v This only represents the buildup or decrease of particles in the box due
to different flow rates.
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Continuity Equations........

v We also need to account for the effects of generation and recombination
that may be occurring within the box. These two phenomena would also

contribute to an increase or decrease of the particle concentration within
the box. Including these terms we have:

op anJ; P

—dxdydz = - dxdydz + g ,dxdydz ———dxdydz

ot OX T
p is the density of holes and z, Is the combined hole lifetime (it includes both
the thermal equilibrium carrier lifetime and the excess carrier lifetime).

v" Dividing through by dx-dy-dz we reach the Continuity Equations.

oF
P__M +gp—£ (Holes)
ot OX ot
n__ % g - (Electrons)
ot OX o

19



Time-Dependent Diffusion Equations

Current densities are given by
op
‘]p =e,up pE—er&

J,=eu nkE+eD, on
" OX

By dividing the current density by the unit of charge we obtain particle flux:

20



Time-Dependent Diffusion Equations....

By substituting these expressions into the Continuity Equations we get:

op _ OF, p o(PE),  9°P p
—— = +g,——=— +D +0,——
ot ox P T T T T
@__@F;iCJ o a(nE)+D 8_2n+g n
ot ox ot T ox “oxt T

Since both p (or n) and E can be functions of position therefore

o(PE)_gop, ,OE

OX OX OX
o(nE) _gon, oE
OX OX OX

21



Time-Dependent Diffusion Equations....

2

Thus
op op ok o p P
— =— E—+p—|+D +9, ——
ot ﬂp( OX paxj P ox* I T
2
@:+yn(E6n+nan+Dna—2+gn—L
ot OX OX OX T

If we assume we have a homogeneous semiconductor (the doping concentration
of electrons and holes is uniform throughout the semiconductor), then and patrtial
derivatives of p(x) and n(x) just become partial derivatives of dop(x) and on(x).

p(x)= p, +p(x)
n(x)=n, +n(x)
Thus we get the time-dependent diffusion equations for electrons and holes in
a homogeneous semiconductor:

aw) _p Fen)_, (E@hp@jw P
ot P ox? P OX OX P

o(on) 5 aZ(m)+ﬂn(Ea(aw)+na_Ej+gn n

ot OX* OX OX T | o




Ambipolar Transport

If the pulse of excess electrons and holes are created in semiconductor then
pulse of these excess electrons and holes will trend to drift in opposite direction
by applying electric filed.

Any separation between these charge carriers induces an internal electric filed.

."Eapp
r——f————"———— 1
8?1—": — : + |— &p

| |

| — - -+

| Eint |

|

| — |+

| |

X —

E = Eapp + Eint

Since the internal E-field creates a force attracting the electrons and holes, this E-
field will hold the pulses of excess electrons and holes together.

The negatively charged electrons and positively charged holes then will drift or
diffuse together with a single effective mobility or diffusion coefficient.

This phenomenon is called Ambipolar diffusion or Ambipolar transport.
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Ambipolar Transport Equations.....

Besides the time dependent diffusion equation for excess electrons and holes, a
third equation is required to relates the excess electron and holes concentration
to the internal electric filed.

This relation is Poisson equation as given

VE = _e(5p_5n) _ aEint
=int T o
& OX
To make approximation that a relatively small internal electric filed is sufficient to
keen excess electron and holes drifting and diffusing together i.e.

E

int‘ == ‘Eapp‘

Only a small difference in the excess electron concentration and excess hole
concentration will set up an internal electric field to keep the particles drifting
and diffusing together.

This will results in non-negligible values of div E =div E
dependent diffusion equation.

.« term in the time

24



Ambipolar Transport Equations

Since electrons and holes are generated in pairs
g n — g P — g
Similarly, they also recombine in pairs

R, =—-=R =L =R
Tt Tt

And since they are generated in pairs (assuming charge neutrality), on = op.
Thus we can write the time-dependent diffusion equations as:
o, olon o°(on olon ok
(9)_2lon)_p o), (o), ), g

— —_|_ -
ot ot G OX P OX

2

A0, T, o 800 . g
ot OX OX OX

Multiplying the first equation by u,n and the second equation by p,p we get:
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Ambipolar Transport Equations.....

olon 0% (on o(on oE
ﬂnn% :/unnDp ( )_ﬂnﬂpn{E%_l_ p&:l_'_lunn(g _ R)
olon 0% (on olon oE
ﬂpp%:ﬂpp n 6(2)+lun:upp|:E (ax)+naxj|+:upp(g_R)
Adding these we eliminate the Z—E term
X

0*(en)

d(n
(ﬂnnwpp)%:(ﬂnﬂDpwppDn) W

o(on
+ﬂnﬂp(p—n)E%+(ﬂnn+ﬂpp)(g—R)

On simplifying this by dividing through by (u,n+p,p) then final we get
Ambipolar Transport Equation

2
oon)_py Flon) g alon)
ot OX* OX
o - p#,ND, + 1, pD, 4= ﬂnﬂp(p_n)
M+ 1, P HaN+ 1, P

Ambipolar diffusion coefficient Ambipolar mobility coefficient 26



Ambipolar Transport Equations.....

Using Einstein relation D, = D, = KT
Hy Hy (O
o DiD(n+p) o DuDs[(N + )+ (P, + D)
D,n+D,p D, (n, +6n)+D,(p, +P)
lu'::un:up(p_n) ‘ ﬂ':ﬂnﬂp[(no+&1)_(po+5p)]
N+ 11, Ha (N +0N) + 1, (p, + D)

For “strongly” p-type (or n-type) material under low level injection above
equations considerably reduce to;

For p-type, low-level injection For n-type, low-level injection
Py >> Ny Ny >> Py
Py >> N n, >>on
D =D, D =D,
M= U, ,Ll = _:up

27



Ambipolar Transport Equations.....

Now consider the another terms in ambipolar transport equations i.e.
generation and recombination rates
Since the electron and hole recombination rates are equal i.e.

N
Tt Tpt
T, and 1, are mean electron and hole lifetimes.

The inverse of 1, i.e. 1/ t,, is probability per unit time that an electron will
encounter a hole and recombine.

The inverse of 1, i.e. 1/ T, IS probability per unit time that an hole will
encounter an electron and recombine.

For low-level injection (excess carriers are small) the probability per unit
time of minority carriers encountering the majority carriers will be almost
constant (the chance of hitting a majority carrier won’t change much), so
T, = T, for p-type semiconductor and 1, = 1, for n-type semiconductor.

The probability per unit time of majority carriers encountering minority
carriers may change drastically.



Ambipolar Transport Equations.....

» For generation and recombination we have a combination of thermal-
equilibrium generation/recombination and excess carrier generation/
recombination. Looking at just electrons we have:

g_R:gn_Rn :(Gno_i_g;])_(Rno_i_erl)

However, for thermal equilibrium we know G, , = R,, therefore

g_R:gn_Rn :gn_z__
and similarly for the holes. !

g-R=9,-R, :(Gpo+g'p)_(Rpo+R;0)

Again for thermal equilibrium G, = R, therefore

9-R=g,~R, =g,
TP

The excess carrier generation rates for electron and holes are equal i.e.

0,=0,=0
29



Ambipolar Transport Equations.....

Combining all these final Ambipolar Transport Equations are:

D

n

D

P

o°(on)
Ox?

(%)

OX?

o)

OX

- o 0o(on)
—_|_g — —
Too ot
Lg )
T o ot

p—type

n —type

These equations simply say that there can be a change in excess carrier

A

concentration over time because;:

They diffuse away.

They drift away.

More are generated.

They recombine.
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Quasi-Fermi Energy Levels

The thermal-equilibrium electron and hole concentrations are functions of the
Fermi energy level as given below:

_(EC_EF)} |:EF_EF':|
n=N.e =Nn. exp| ————
0 C Xp|: | Xp kT

KT
—(E; —E,) —(E. —E;)
=N, ex F V2 | =n. ex F Fi
po v p|: i P KT
n. >n. T Fe T E Po >0
n. > p gb‘t—_'_—-_-t-_-_——_—:—_—_——_—: : E} ____________________ Eg, ni > no
EF > EFi E; E, :?3 L1 E|:i > E[:
(a) (b)

Figure 6.14 | Thermal-equilibrium energy-band diagrams for (a) n-type
semiconductor and (b) p-type semiconductor.
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Quasi-Fermi Energy Levels.....

U The Fermi Level is constant in a semiconductor under equilibrium. However,
with generation or current flowing (even in steady-state) It is in non-
equilibrium so Eg is no longer a constant.

O However, we still want to know (or relate) total electron and hole
concentrations. This can be done by considering a “shift” in E; that represent
the “More” or “Less” p or n nature of the semiconductor. These new levels
are called Eg, and Eg,, the Quasi-Fermi Levels.

n = no + &] — nie(EFn_EFi )/kT

p — po + 5p — nie(EFi_EFp)/kT

U If excess carriers are created in a semiconductor, we are no longer in
thermal equilibrium and the Fermi energy is strictly no longer defined. If dn
and op are excess electron and hole concentrations respectively, we write

_(EFp o EFi ) :|

E., —E;
no+5n=niexp{ FnkT F'} p0+5p=niexp{ o

32



Shockley-Read-Hall Theory of Recombination

» Allowed energy state, i.e. trap, with in the forbidden band gap may act as a
recombination center capturing both electron and hole with almost equal
probability.

» A single recombination center or trap exists at energy E, with in the band
gap.

» There are four basic process that may occur at this single traps.
» There are two types of traps; acceptor and donor types.
Consider acceptor type trap;

= |t is negatively charged when it contains an electron and

= neutral when it does not contain an electron

33



Shockley-Read-Hall Theory of Recombination.....

Process-1

The capture of electron from the CB by an Proes | Process 2
initial neutral empty trap. — ] g N t .=.
¥

Process-2 ~ =]

The inverse of process-1; the emission of

an electron that is initially occupying a trap ' & €

level back into the CB. Electron capture Eleciron emission

Process-3 Process 3 Process 4

The capture of a hole from VB by a trap |

containing an electron. £ &

OR l:;l‘l E=

Emission of an electron from the trap into

the VB. — & 3
il t

Process-4 Hole capture Hole emission

The inverse of process-3; the emission of a

hole from neutral trap into VB. In process-4, recombination rate is R=6n/t

OR

Capture of an electron from VB.
34



Surface State

» The perfect periodic nature ends abruptly at the surface due to abrupt
termination of semiconductor.

» The disruption of this results in allowed energy states with in band gap.

» The abrupt termination of periodic potential at surface results in a

distribution of allowed energy states within band gap

AMM

T b G TR e R el

! 5 n {a} Minority corier Wetime with dimm MM»
“’  gurface states within the forbidden Mw d

35



Surface State.....

v According to Shockley-Read-Hall recombination theory, Excess minority carrier
lifetime is inversely proportional to density of trap states.

v The density of traps at surface is larger than in the bulk

v' The excess minority carrier lifetime at the surface will be smaller than the
corresponding lifetime in the bulk material

The recombination rate of excess carriers in bulk for n-type semiconductor is

R = 5p — 5pB dpg is concentration of excess
minority carrier holes
Tpo Tpo y
Similarly the recombination rate of excess 1 |
carriers at surface is Too ~ T pos :;
o p _ P, then /
5
Too 7 pos Mg > P,
8p, is concentration of excess s“:;"": ORstance x ——>-
minority carrier holes at surface Fe Y stote excess hole concen-

tration versus distance from g

and t,,, excess minority carrier semiconductor surface

hole lifetime at surface. 36



Surface Recombination Velocity

O A gradient in the excess carrier concentration exists near the surface, then excess

carriers from the bulk region diffuse towards the surface where they recombine.

O The diffusion towards the surface is given as

-D, 5.4(0p)

dx

surf

“w_ 7

s” is called surface recombination velocity.

— S5psur1‘ &a/

n is unit outward vector normal to the surface.

a

______________

s

Surface Distance X —

Fig.5.24 Steady-stote excess hoke concen-
tration versus distance from g
semiconductor surfoce

O As the excess concentration at the surface is small, the gradient term becomes
larger and the surface recombination velocity increases.

O If excess concentration at the surface and in the bulk were equal then gradient
would be zero and surface recombination velocity would be zero.

We have that n =-1 then

- [d(p)

Pl dx

— S5psur1‘

surf

An infinite surface recombination
velocity implies that the excess
minority carrier concentration and
lifetime at the surface are zero.
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»pn Junction Principles
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pn Junction Principles

A. Open Circuit

Consider what happens when one

side of a semiconductor such as Si is

doped n-type and the other is doped

p-type.

The abrupt discontinuity between the
two sides is called a metallurgical
junction, M

The M region contains a depletion
region of carriers of width W = W +W_
where W, is the space charge region
of the n-doped Si and vice versa.

The net space charge density p, IS
equal to -eN,in the SCL (from x = -W,
to 0) and +eN,in the SCL (from x =0 to
W,)

e?_‘v} ____________
_r{e:y =N
. L x
=y w, >
P ‘J-
_g_‘\.'_a ________

S,6 5 _o[® «8.% 7| a.
s S = g y . e _,f”f
B ' s H.'} @r‘ '-. [a]
=y ~ | L] T
= = & =y a2 .EE, 3 &
M
lietallugl—:al_]tr.—:t'mr_
Neutral presion Es MNeutral mtregion
e o2 e = | e :ﬂ} & -
TE e = b f=ot (b)
= . & | -t
c o Ocrg P Bg @
I'}t. i () « 2 g & {-];: ‘rE- &
i
i

39



A. Open Circuit......

» The internal electric filed E, from
position ions to negative ions tries to
drift hole and electron back into p and
n regions respectively.

» The rates of hole and electron diffusing
towards right and left respectively are
just balanced by hole and electron
drifting towards p and n region
respectively.

» An electric field generated in the M
region is minimized the free energy at
the boundary and satisfy the mass
action law n;?= pn under equilibrium
condition.

» The result is a bias voltage
generated across the junction.

i | SCR
e o <9 os|le o, "
.--U o o |'D : - $-l
=2 [ [ o
e Scel T T P R
S o S.eqe @¢'e o
LM !
L S A R
A —t - >
PN\ | ! (e)
o — LN
Ve L i
P A
VN e
: -
PE(x) i ! E
A L - e
: i Hole PE(x)
= (g)

Electron FPEA{x)

—& E';{_!‘
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A. Open Circuit......

Equations for pn Junction

v’ Conservation of charge  N,W, =NyW, T isom

v' The potential established across the boundary on the n-side is derived by
integrating the Electric field established by the change in charge density across
the boundary.

> If Ny <N, then W >W,

—gN, for —x,<x<0 I.e. the SCL penetrates the
P :{ i P lightly doped n-side more
qNp for 0O<x<x, Charge Density than heavily doped p-side.
gV, \ » If the p-side is heavily
——‘-(xpﬂ) Jor —x,<x<0 doped (p+) then SCL is
F= f‘i\ Force, F = QE = CII Pyy  almost entirely on the n-
—‘I"—D-(xn ~x) for O<x<x, € side.
& > The relation between
, qNJ(ij electric filed and charge
- xp)+ : » for —x,<x<0 density
¢= R dE p
gNplx —x __ Pnet
olr,)-1 D(zgs 2 for 0<x<x, potential V = —j Edx dx &
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Equations for pn Junctions.....

v" The Maximum value of the electric field and built in potential generated at the
edge of the n- side of the M region are

. eN W 2
E-- eN,W, AT US = lEaWa _eNNW:

& & 2 2& (N_ﬂ + “Jd)

v" One can relate V, to doping parameters using the ratios of the carriers n, and n,

& kT o kBT ] Ppo kBT ]

5 N, I eVﬂ] N, I eVﬂ] u U§e of Bolt.zmann statistics.
H——EXPL BT ) = EXPL kT | = Eis potential energy = qV.
: : ? = q is charge, for electron
N (g=-e)

— ]FBT In i\-’gi\-’d = Considering E=0 on p-side
-2 o - 72 and n=n_, and E=-eV, and

i on n-siden=n_,
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B. Forward Bias

When a battery with voltage V is connected across the pn junction. The negative
polarity of supply voltage reduces V, by V.

The applied voltage drops mostly across the depletion layer and V directly opposes V,,.
V, against diffusion reduces to (V,-V) and consequently probability of hole diffusion
from p-side to n-side is proportional to exp [—(V,-V)/kgT].

Many hole can now diffuse across the diffusion layer and enter the n-side resulting in
the injection excess minority carriers, holes into n-region

Log (carner concentration)
E-E
. Neutralp-region— s« Neutraln-region——>
P ' | Minute increase
| |
0 | Hole PE(x) Y,
i o | “----eVo
| | 0'.|l —
I 0;\“ dVo V)
. /
Excess electrons np( ) : :
Electron ' {?
difision @ s v I P o
Mno o o X
b MY "
x ‘ ‘ >
| e—
W
|
W

= Hole injected into n-region draw some electron form the bulk of n-region (and hence
from the battery) to maintain charge neutrality in the n-side resulting in a small
increase in electron concentration .



B. Forward Bias.....

The hole concentration p,, (0) = p,(x’=0), just outside the depletion region at x’=0 (at
W, ) is due to the excess hole diffusing because of reduction in V_.as given below

—dV-V) [ eV n’ [ eV
pn(o) :ppﬂexp{: —~ .]: pﬁ"ﬂ EXp| } — N;exp |LkETil

ksT LksT

Similarly electron concentration n, (0), just outside the depletion region at W, is due to
the excess hole diffusing because of reduction in V,.as given below

[ — e{'g’—V'}]_” reV] n’ reV]

kT =Myl :N:eXp|kT
B B

HP(O) = My, exp|

The resultant equations for carrier concentrations are referred to as the Law of the
Junction

Injected holes diffuse in the n-region and recombine with electron in this region. Those
electron lost by recombination are readily replenished by negative terminal of battery.
The current due to hole diffusing scan be sustained since more holes can be supplied
by p region (positive terminal of battery).

Similarly injected electron diffuse in the p-region and recombine with holes in this
region.



B. Forward Bias.....

Hole Diffusion

If the length of both neutral region are longer than the minority carrier diffusion
length, the hole concentration profile on n-side falls exponentially towards the
thermal equilibrium value p,.

Under an applied forward bias, excess minority carrier concentrations and a hole
diffusion length ( L) are related as

Ap, (x") =p,(x") —P,, = P(O)eXPL—TJ L,=,(D,7;)

where D, is the diffusion coefficient of holes in the lattice and rt, is the hole
recombination lifetime

Current density due to carrier diffusion i.e. holes and electron diffusion is

eD&d&p(T) _EDF‘&IDH(U) ||/ ﬂcw ean (EV\“_I—’

||\ij LWﬁL \ kT ) |

Ja’ Fzm’e
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B. Forward Bias.....

= Total current density neglecting the recombination in the SCL is

J
J = Jd, hole + Jd, elec .A p-IEgil}ﬂ oL H-Iegiﬂﬂ
I ( eV
7 m‘ exp “_1 T=Jgect Thole
| | ksT) |

Totalcurrent The total current

anywhere in the device is
constant. Just outside the

Minoritveamierdifiusion. 0 pletion region itis due
enf to the diffusion of

"»Igjﬂﬂtvwﬁsr diffosion N
hind drift current

where Joe

J, = eDyn;  eDn; minority carriers.
L LN, L
WV N, - >
.. . _HP WH
This is Shockley equation

It represents the diffusion of minority carriers in neutral region

J,, is known as reverse saturation current density since applying the a reverse bias V=-V,
greater than thermal voltage (kT/e) it becomes ) =-J

The decrease in the minority carrier diffusion current with x’ is made up by the
increase in the current due to the drift of majority carriers since the field in the neutral
region is not totally zero but a small value, just sufficient to drift the huge majority
carriers.

The current density through out the junction remains constant. 46



B. Forward Bias.....
Recombination Times

Consider under applied forward bias minority carriers diffusing and recombine in the
SCL, the external current must also supply the carriers lost in the recombination

process
_edBC EECD
recom T T
J ~ ¢ Wpﬂ ‘vf) ﬂnﬂy_}
recom 2?_2 2?‘}3

using M= IEQ(VE' —V)

Pr = 7h EXP[ _fﬂ

7 :eni(lﬂ. Wn\"|| |(ve
ARV Ey

recom
2 T T )

_Eﬂf(Wp W, ) N eV
ol J{ pd'W]

Log (carrier concentration)

-~ - Side s ”J'Side

SCL

Forward biased pr junction and the injection of
carriers and their recombination in the SCL.

Where 1 is the diode ideality factor

and is valued between 1 and 2
47



B. Forward Bias.....

Current in pn Junctions
| | = I [exp(eV/ 7k T) — 1]
A

mA ..
Reverse |-V characteristics of a

pn junction (the positive and
>V negative current axes have
different scales)

Shockley equation

nA

Space c_harge layer Where 1 is the diode ideality factor
generation. and is valued between 1 and 2
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C. Reverse Bias

The current in the reverse bias is very small.
The applied voltage mainly drops across the resistive depletion region, which

becomes wider since negative terminal will cause holes in p-side to move away

from SCL and similarly electrons n-side move away from SCL.
The applied voltage increases V, by V, i.e. V=V +V,

YV VYV

The electric field in SCL is larger than E,, which extracts and sweeps the small no. of

holes on n-side near SCL across p-side. This small current can be maintained by
diffusion of holes form n-side bulk to SCL boundary.

From the law of junction

—dV+V)

pn(o) = Pho EXP{:

The hole concentration p,, (0)
just outside the depletion
region is zero.

There is a small concen-
tration gradient and hence a
small hole diffusion current
towards SCL.

Similarly a small electron
diffusion current with in SCL

Minority Carrier

Concentration

(a)

E+E

Neutral p-region
—

0

Neutral n-region

| E——
[

In
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— ¢

@@t@%

+ Thermally
D generated

-

=

7

(=]

* Diffusion
=)

+ Dnft

=

V

r

(b)

Hole PE(x)
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C. Reverse Bias......

= The reverse current density with negative voltage leads to the diode current density
of —J,, called reverse saturation current density
Yo = I = eD,n’ . eD_n’
LyNs  L.N,
J,, depends on materials i.e. p,, pu,, n;) and dopand concentration.

Hence n; is strongly temperature dependent.
Thermal generation of minority carriers in the neutral region within a diffusion

length to SCL, the diffusion of these carriers to SCL and their subsequent drift
through SCL is cause the reverse current.

» Thermal generation of electron-hole pairs (EHPs) in depletion region can also
contribute to the observed reverse current.
» This drift will result in an external current in addition to the reverse saturation
current due to diffusion of minority carriers.
Let the mean time to generate the EHPs by thermal vibration of lattice, 7, (i.e. mean
thermal generation time)
v" The rate of thermal generation of EHPs per unit volume is n;/ z,
v" The rate of thermal generation within depletion region is WAn,/z,

v" The current density due to thermal generation of EHPs eWn
JUQH = :
g r

=

Total reverse current density

] Wn.

i _E“
where 7, scexp - 50
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C. Reverse Bias.
Reverse current in Ge pn junction

A pn junction, which emits a photon and is referred to as a photodiode

Reverse diode current (A) at V=-5V

A .
e cernodiode  Reverse diode current in a Ge pn
106 _ 0.63 eV junction as a function of temperature in
] 00 € a In(ley) vs. 1/T plot. Above 238 K, |y is
10-8 controlled by n;2 and below 238 K it is
_ controlled by n;. The vertical axis is a
10-10_] A logarithmic scale with actual current
_ 0.33eV values.
1012 238 K
10-144
10-16 >

| | | | | |
0.002 0.004  0.006 0.008

1/Temperature (1/K)

eD, eD, | , eW
Joen = + n"+——n,
’ LN, LN, T

g

/ /

Bias driven Driven by thermal
generation



D. Depletion Layer Capacitance

» The depletion region of a pn junction has positive and negative charge separated

by a distance W similar to a parallel plate capacitor.

» Charge on each side of the diode
Q =eN,W._ A
~Q=eN,W,A

on p-side

on n-side

» In pn junction Q does not depend linearly on V as depend to parallel plate capacitor.

_
D

>
D

":'{v.é{-'

S ol o
il D e
o Se H”
o © ¢ i
- 0 Wy

» If V across the junction changes by dV to V+dV, then W also changes accordingly

resulting Q+dQ charge in depletion region.

» The depletion layer capacitance Cy,, is

Cdep — ‘

dQ

av

> If applied voltage is V the voltage across the depletion layer W is V-V

52




D. Depletion Layer Capacitance...

» Width of the Depletion layer

W= \/Zg(Nd +N, v, -V)

eNgN,

» Depletion Layer Capacitance

\

Ciep = :
(Vv

Cd _ dQ |_ 8A_A ‘C'ENdNa -5
e -
p ‘dV‘ W 2(N, +N_ XV, -V) &45
o4
&N N g
Cj :A\/ 42 Junction capacitance gB":'
Z(Nd + NaXVo) %2 ] /L
C, BEs— |
: m=~1/2 _é ] |
©
a
@
0

| ‘

0 0.2 0.4 0.6
Voltage (V)
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E. Recombination Lifetime

Consider recombination in direct band gap S.C. like GaAs (p type). Let An, and AP,
are excess electrons and holes and they would be An, = AP then

e Instantaneous minority carrier concentration n, =N, +An,
* |nstantaneous majority carrier concentration Pp = Ppot Anp
e Thermal generation rate, Giermal

* Net rate of change of holes in the BAN,

semiconductor 5t = BNyPy +Gonerma

Where B is the direct recombination capture coefficient HAn
| A _ . _ _ :_B(nppp+np0pp0)
n equilibrium 0An, /ot =0, using n, = n,, and p, = p,, ot

The generation is Giermal = BNyoPpo
Excess minority carrier recombination lifetime, 1, is OAn P = — Anp
defined by ot T,
Weakinjections  An,<< pg, OAN )
- = —-BN_An

n, ~Anp ot a= e

Pp = Ppo * N, . =1/BN,
Strong injections  An,>> p,

OAnN

S =BAN,AD, = B(an, ¥

LEDs modulated under high carrier injection have variable minority carrier concentrations which
lead to distortion of the modulated light output



Pn Junction Band Diagram

__
E, (@) E-E (0)
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Thermal
E generation

v I = Very Small

Energy band diagrams for a pn junction under (a) open circuit, (b) forward
bias and (c) reverse bias conditions. (d) Thermal generation of electron hole
pairs in the depletion region results in a small reverse current.




Quasi-Fermi Energy Levels

Question: Consider an n-type semiconductor at T=300K with carrier concentration
of ng=10%> cm3, ni=10'° cm-3, and p,=10° cm-3. In nonequilibrium, assume that the
excess carrier concentrations are dn=95p= 1013 cm3

The Fermi level for thermal equilibrium can be determined

E, —E. =kTIn [&j ~0.2982 eV
ni
In nonequilibrium, quasi Fermi level for electrons and holes becomes
E. —E. =KTIn E N ¥ Snj —0.2984 eV
n;

E., — Eq =KT |n£ Po +5pj ~0.179 eV
n.
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