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In Equilibrium
Generation : the process whereby electrons and holes are created

Recombination : the process whereby electrons and holes are annihilated

Any deviation from thermal equilibrium (temp. change or external excitation)
—> Change electrons and hole concentrations

- New equilibrium electron and hole concentration

Guo = Gpo (#/cm3-s) S Ciy

EC
R,o=R
n0 po Electron-hole Electron-hole
generation recombination

Guo = GpO = Ry = RpO

® x~@

Direct Band-to-Band Generation and Recombination

G, : thermal generation rates of electrons
Gy - thermal generation rates of electrons
R, : recombination rates of electrons

R. . : recombination rates of holes

po -
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Excess Carrier Generation and Recombination

For the direct band-to-band

Table 6.1 Relevant notations used in Chapter 6

generation,
[ nos Po
gn - gp
When excess electrons and holes are n,p
created,
n=ng+ én on =n—ng
op =p— P
J— / !
p_p0—|—5p gn-’gp
P/ !
R, R,
For spontaneous recombination, Tun» Tpo
IO 5 Y/
R, =R,
dn g
’_Aﬁ f - \
s E,
E,
+ + + + +
e — e —
op Py

Thermal equilibrium electron and hole concentrations
(independent of time and also usually positions).

Total electron and hole concentrations (may be functions of
time and/or position).

Excess electron and hole concentrations (may be functions of
time and/or positions).

Excess electron and hole generation rates.
Excess electron and hole recombination rates.

Excess minority carrier electron and hole lifetimes.
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Auger process

ﬁ (electron)
& [ ] EC & EC
- A
e Pho‘lmq emission Y5
(radiative} G—px !
5 5 Ey 5 Ey
ﬁ Auger process
(hole)
(a) (b)

Fig. 25 Recombination processes (the reverse are generation processes). (a) Band-to-band
recombination. Energy is exchanged to a radiative or Auger process. (b) Recombination
through single-level traps (nonradiative).

The energy of an electron in transition from the conduction band to the valence band is conserved
by 1) emission of a photon (radiative process) or 2) by transfer of the energy to another free electron
or hole (Auger process). The former process is the inversion of direct optical absoption, and the
latter is the inversion of impact ionization.

In indirect-bandgap semiconductors, the dominant transitions are indirect recombination/generation
via bulk traps, of density N, and energy E, present within the bandgap. The single level
recombination can be described by two processes — electron capture and hole capture. The net
transition rate can be described by the Shockley-Read-Hall statistics.
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Excess Carrier Generation and Recombination
n(t) = ng + én(t)

p(t) = po+dp(t)

The net rate of change in the dn(t) _ 2
electron concentration : dt &r [”i n(t)p(t)]

dn(y _d@n(r))

a1 —— = a;[n] = (o +8n()) (po +3p(1))]

= —o,on(t)[(ng + po) + on(t)]

(on(t) = dp(t) )

For low-level injection, the magnitude of the excess carrier concentration is small compared with the thermal
equilibrium majority carrier concentrations,

d(én(t))
. ————— = —0;podn(t)
For a p-type material ( p, > ny) and on(t) < p,, dt
7,0 = (0,po)t : Excess minority carrier lifetime sn(t) = 8n(0)e 4Pl = §p(Q)e /™0
Recombination rate (positive R = —d(@n(®)) =+, podn(t) = on(r) R =R = on(t)
quantity) : : dt 7,0 n P 7,0

(In case of direct band-to-
band recombination)

_én(1)
a Tp() TpO = (Otrno)-1

Similarly, for a n-type material ( n, > p, ) and op(t) < n,, R — R
n p
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Continuity Equations

aFt
Fl(x+dx) = F;}(X) + 81 -dx Fo" - hole flux (#/cm?-s) Fh(x) | F'(x+ dx)
* o—:—» @ l ——
The net increase in the number of holes per unit time within the /L _____ -
differential volume due to the x-component of hole flux : d dv
il / '
ap J - v o aF;; x X+ dx
—dxdydz =[F (x)—F  (x +dx)]dydz = — dxdydz
at - P dx

Figure 6.4 | Differential volume showing
x component of the hole-particle flux.

The generation and recombination rate of holes within the differential volume will also affect the hole concentration :

3 aFt d oF;
P dxdydz = ——L dxdydz + gydxdydz — £ dxdy dz LA Y S

hole flux + generation - recombination

on  OF, L n
{ P — Po +5pJ ar 0x En Tor
Tpt Tp  Tpo

: for electron

thermal equilibrium carrier lifetime excess carrier lifetime
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Time-Dependent Diffusion Equations
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From continuity equations

o o op__ apD | 9 p
P HpP "oy (+o) F, = uppE — Dy . 37 Moo + 5 312 + & T
/ E+eD an J, . EoD on on N d(nE) D 3’n . n
= ey eD, — = = —D,— — = 4yu - _ =
n Mon 7 Ix (—e) n Unhl na Py 2 31 ne 2 8n T
8°p op = OE p _p 3*(8p) d(6p) =~ OE P 9(sp)
D)__ )E_ - y T T — T D)i_ )E - y T T —
Paxz M ( ox T p8x) T4 Ty Ot Pax? H 0x + Pox T8 Tpt 0t
H 9%n pon 9B n on p @m (L Gn) BB a0
g T T ) TR T T e (B ) e =

. determine the space and time
behavior of the excess carriers !!

For homogeneous semiconductor, n, and p, are
independent of the space.

n(t) = ng+ én(r)

p(t) = po + ép(t)
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E = Eapp + Emt Fore

e 1
Since the internal E-field creates a force attracting the on ; R E M
electrons and holes, this E-field will hold the pulses of excess |~ . —
electrons and excess holes together. - The electrons and } Fin :

holes will drift or diffuse together with a single effective L =
mobility or diffusion coefficient : Ambipolar transport ! A==

Figure 6.5 | The creation of an internal electric
field as excess electrons and holes tend to separate.

Derivation of the Ambipolar Transport Equation

2
g =8,=2g *(dn) a(8n) 9K R A(sn) % 11N
) v M \F T TP ) TS 51 .
Ry=— =R, =L = P
Thr Tpf
¥*(n) d(dn)y  9E 3(8n) %
- 90 | B pe r= £, P
on=op Dnger TH (E dx +nax)+g ot i
Ambipolar Transport Equation !
dz(é‘n) d(én) 8%(8n) a(sn) d(8n)
(an Dy + 11y p D) ———~ + (papip)(p — n)E p 2 ton B R —
e o ox P PR o1
6(3”) (p—n) D,D,(n+ p)
+(I/Lnn+/lpp)(g_R) (ﬂn”‘l_ﬂpp) ,LL/: Hnttplp — 1 D’:Lﬁp

Mnl’l+[lpp Dnn+Dpp
- (/Llnn + /Llp p)
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For extrinsic semiconductor and by considering low-level injection :

For a p-type material ( p, > ny) and én < py,

D — DnDp(n + p) _ DnDp[(nO +én) + (PO +én)] _

Dyn+Dyp Dy, (no + dn) + D,(po + én)

) Habp(p—n)
[inll 4 [y P "

g_Rzgn_an(GnO‘Fg;)_(RnO‘i_R;)

GnO — RnO

;8260 aGn) , sn an)
"ogx2 Hon dx & T,0 Ot
Similarly, ,
d°(8p) a@Bp) ~, Sp _ 9(p)
D,—  pE—t? g T
P ax2? Y +8 Tp0 ot

Ambipolar diffusion coefficient and
D,  mobility = minority carrier parameters
(constants)

on

g—R=g,—R,=g,— —
T

- describe the drift, diffusion, and
recombination of excess minority carriers as
a function of spatial coordinates and as a
function of time.
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Example 6.1 : For an infinite and homogeneous n-type semiconductor, a uniform concentration of excess carriers at t =0
and g =0 for t >0. Low level injection and no E-field.
o*(sp)/ox’ =o(sp)/ox=0

The ambipolar transport 1 ) dGp) 5
equation for the minority Dpd (ép) _PEB(CSP) tg— dp _ 9(p) aop) _ _°p Sp(t) = Sp(0)e"/

carrier holes, dx? dx Tp0 ot dt Ty

Example 6.2 : For an infinite and homogeneous n-type semiconductor, a uniform generation rate at t >0. Low level
injection and no E-field.

o _ d6p) 3p(t) = g'Ty(1 — e™/0) Sp() = (5 x 10*)(107)[1 =™/ 7] =5 x 10" [I — e=/""] cm~

Tpo dt
Example 6.3 : For an infinite and homogeneous p-type semiconductor, the excess carriers are generated only at x =0
position. Low level injection and no E-field. Steady-state excess carrier concentration ?

Carrier
concentration

82(8”) Ea(8n) + r 3_” _ 8(3}’1) dz(Sn) B 8_?7, R (log scale)

D,———> — =0
"oax? " ox 70 ot ) o

d?(8n) Sn d*(Sn)  bn
dx? D,t,0  dx? L2

=0 (Sn(X) = Ae_x/[‘” + Be'r/Lﬂ

A
Sn(x) =én(0)et™*  x <0

x=0 X ——

Sn(x) = sn(0)e™ 't x>

\4
o

y =0 ¢ — Figure 6.7 | Steady-state electron and hole concentrations for the case
when excess electrons and holes are generated at x = 0.
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Example 6.4 : For an infinite and homogeneous n-type semiconductor, a finite number of electron-hole pairs is
generated instantaneously at time t =0 and at x =0, but g =0 for t >0. Low level injection and constant E-field E, in the

+x direction.

0°(8p)
oxz T Ty

D d(ép)

P

32 p'(x, 1)

D
P gx2

pllx,t) =

dp(x,t) =

(4 D, 1)1/2 =P |:

e_r/TPO |:
——— > €Xp
(4JTDP1‘)1/2

Sp(x,t) = p'(x, 1)e "™

ép(x, )

sp _ 0(p)
Tpo) - Jt
ap'(x,t)  dp'(x, 1)
- M/}E() p = ‘
ax ot

_(x - )(—l-pE(,)lL)2
4Dt

4Dt

—(x = leEot)z}

dp(x, 1)

/ (—1 h>0
\ :
|
|
|

S, x=0 Distance, x ———9

Dielectric Relaxation Time Constant

op is suddenly injected into a portion of semiconductor - How is

charge neutrality achieved and how fast ?

V'E:B op

€ Vel=0cV*'E=—

€

vey__ 2% e ar  dt
dt

dp log
—}Jp=0
dt +(€)p

p(r) = p(0)e T

Distance, x ——9

op —>

holes ——p|

—_—

n type

L

Figure 6.10 | The injection of a concentration of
holes into a small region at the surface of an n-type
semiconductor.

€

Ty — —

: dielectric Relaxation
Time Constant
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Haynes-Shockley Experiment M | - ||+ -
Experimental measurement of mobility, diffusion - prve ) R,
coefficient, and minority carrier lifetime. ] &5— %

— Ry =
e~t/mo —(x — pu,Eot)? S
Sp(x, 1) = — ex P from Example 6.4 —
PO = Dy p[ 4D,1 rom Sxampe T
d
x_/'LpEOt:O = Mp:E— El
ofo Output V, vs. time 5
t,, t, : et of peak and not too long Time —>

(a)

(d —ppBot)’ =4D,r  att=t,t, ,

Time

2 2
(]L[,Eo) (Af) At — Z-2 _ tl
16t0 Va

= D,=

Electric field, E

The area S is proportional to the number of excess holes that not
recombined with majority electrons :

Iy Time —
(b)
y 7,0 Can be obtained from
—1 — P ~‘\
S = K exp ( 0) — Kexp (—) the plot of InS versus P W
Tpo /JLpEOTpO ( d/:upEO ) A ’/ S En<Ey

“~
~

\\’

Time =9

St R ———_ .

(c)
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Quasi-Fermi Energy Levels
If excess carriers are created in a semiconductor, we are no longer in T E.

thermal equilibrium and the Fermi energy level is strictly no longer defined. R ;
- We may define a quasi-Fermi levels for electron and holes that apply for §
nonequilibrium. 3 E,
(82)
(a)
At Equilibrium At Nonequilibrium
T
Er— Er; Er, — EF; 2
— 1 _— no+oén=n;exp| ———— B v e ,
o= nsexp (2 ) : o (2 P——— :
Er; — Ef Epi — Epp 8 E
— n; L — +dp =n;exp| ———— = ‘
Po = H; €Xp ( T ) Po P P ( T o)
(b)
Example 6.6 : An n-type semiconductor at T =300K with n, =10%cm-3, n; =10%m-3, and p, =10°cm=. In
nonequilibrium, assume that the excess carrier concentrations are on = op =10%3cm-3,
n 0.2982 eV 0.2982 eV
Ey —Ep; =kTIn (l) = 0.2982 eV ' 0-29f|546V
1; T
E
¢ (e T j L i E.
AN E LT L LT T il
Epn— Epr = kTIn [ 2222) — 02084 v z "y ; s
1; % _________ 'T __________ EFi e S Eg;
: e e e ooy
2 + (S ? g E E i e
EF,-—EF!,=1<T|n(’“ ’):0.1796\1 2 . v
¥

(a) (b)
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Shockley-Read-Hall Theory of Recombination

Trap : An allowed energy state within the forbidden
bandgap caused by defects or imperfection of periodic
potential.

—>Acts as a recombination center , capturing both
electrons and holes with almost equal probability.

—> four basic processes: Electron Capture, Electron
Emission, Hole Capture, and Hall Emission

Ry = C,Ni(1 — fF(Er))n

R, = capture rate (#/cm?3-s)

C,, = constant proportional to electron-capture cross section
N, = total concentration of trapping centers
n = electron concentration

f=(E,) = Fermi function at the trap energy
Ren — EnNrfF(EI)

R, = emission rate (#/cm3-s)
E, = constant proportional to emission cross section

f=(E,) = probability that the trap is occupied by electron

Process 1 Process 2
1 E = £
Y
] =
E E,
Electron capture Electron emission
Process 3 Process 4
E I
=1 F=1
T E, 7 E,
4

Hole capture Hole emission

Figure 6.16 | The four basic trapping and emission processes for the case of an acceptor-
type trap.

l

fr(Ey) =

E, — Ep
1+oxp | S

kT

In thermal equilibrium, R., = R,

EyN; fro(E) = CoNi(1 = fro(£:))ng

fro(Ep) = Thermal equilibrium Fermi function

n, = electron concentration at equilibrium
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_n:n': N, (1- fFO(E)) _ex p( Cjexp(Et E- j N exp( —(E. Et)j
C foo (E,) KT KT KT

n

In nonequilibrium, the net rate at which electrons are captured from the conduction band is given by :
Ry = Ren = Ren =[G N1 = fF(E"))n] — [ExN; fF(Ef)] n includes the excess electron concentration.
= C,N/[n(l — fe(E)) —n'fr(E)]  Er 2 Em

Similarly, the net rate at which holes are captured from the valence band is given by :

e _, (- E)
Ry = CoN/pfr(E) — p (1 — fr(ED)] where  p =N, exp|: kT :|

In a semiconductor in which the trap density is not too large, the excess electron and hole concentrations are equal and

the recombination rates are equal : o :
Recombination rate due to the trap at E = E; in case

Con+C,p' that excess carriers exist
R =R E) — , )
" P fF( I) C”(H + ”,) + C!’(p + p!) R, =R, = Cn Cp Nf (np o nlz) = R = %
" P Cun+n)+Ch(p+p) T

N ' pl — ni2
For an n-type semiconductor under low injection, ny > py, Ng > op, Ny > n’, Ny >p’:

CC N @Op-n,+on-p,+op-on
nCpNi(OP -1y +ON- Py +5p-6Nn) _ ngzﬁp where T — —!
Cn'nO T o C,N,

: function of minority carrier parameters

R

1



