Semiconductor Devices

Chapter 6
Nonequilibrium Excess
Carriers in Semiconductors
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v' Generation: produces an Electron-Hole pair
v Recombination: eliminates an Electron-Hole pair
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Thermal Equilibrium State

Electron generation rate

Electron recombination rate

/

Electron-hole
generation

Rn0®_>\ ;

c

Electron-hole
recombination

R, XD
/

Hole recombination rate

Gn, = Gp, = Rp, = Rp, [#/cm3 - s] (In equilibrium state)
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Nonequilibrium State

Excess electron generation

on flg  Electron concentration
A
r A \ f )
EC
/\/\h—y>
EV
s oo
L f Y
Excess hole generation  §p P, Hole concentration

n=ny+on, p =py+8p 0> np # ngpg = n;’

Mass-action law
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Recombination Rate of Excess Carriers

o
R, L&y, @y I n=ny+dén p=po+dp
— .2
np # Nopo = Ny
E Mass-action law
R’ X X calli i
. ~® x @ Fr
Po
Excess carrier , _9(on(t,x)) , _0(0p(t,x)) " 3.
recombination rate Ry = ot RP _ ot [ /Cm S]
@ simplify
T Recombination carrier lifetime R ~ @ R ~ @
R . . . . n -~ p -
- Mean time for excess carrier recombination (9 (9
For n-type Si For p-type Si
X on X op Excess minority = on R op
n — ", — p — T, — carrier lifetime N: T, — Rp = T,
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Generation Rate of Excess Carriers

Excess carrier , on , op

_ " _°oF 3
generation rate In = T Ip = T [#/cm? - s]
G G

\

Generation carrier lifetime
- Mean time for excess carrier generation

Jn = gp’ = constant (In general cases)
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Steady State Condition

Steady-state
dn d
dn_dp _
dt dt

dn , ,
= (ot 0)~(Ray +R) =0 g’ =Ry

dp , , P
E=(Gpo+gp)_(Rpo+Rp)=0 gp =Ry

Steady-state
-> Regardless of Nonequilibrium or Equilibrium but no net changes in concentrations
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Table 6.1 | Relevant notation used in Chapter 6

Symbol _ Definition .

no, Po Thermal equilibrium electron and hole concentrations
(independent of time and also usually position).

n, p Total clectron and hole concentrations (may be
functions of time and/or position).

on =n —ny Excess electron and hole concentrations (may

5p = p — po be functions of time and/or position).

gl Excess electron and hole generation rates.

RiR, Excess electron and hole recombination rates.

Titis Tpo Excess minority carrier electron and hole lifetimes.
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Quasi-Fermi Energy Level for Low Level Injection

For n-type Si

n:n0+6n5n0
ng » po, Mo M |6n]| = [6p| > pg o> ~
p =po + 6p = 6p

For p-type Si

P =po+dp =pg
Po > Ny, po > |6n| = |6p| > ny 0>

n=ny+on=oén

% Quasi-Fermi Energy Level

E.—FE Er, — Er;
n0+6n=NCeXp(—c—Fn)=niexp( FnkT Fl)

Ep, — E Ep; — E
p0+5p=Nvexp<—M>=niexp< i Fp)
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Quasi-Fermi Energy Level for Low Level Injection

% Quasi-Fermi Energy Level

For n-type Si
E.—F Ep, — Eg;
ng +on = N_exp (—Ck—TFn) = n; exp( FnkT Fl) = ng,
Er, — E Er; — E
po + 6p = N, exp <—%> = n; exp( FlkT Fp) = on
Thermal equilibrium Nonequilibrium (Low level injection)
E.
TETEEEEsEssssses EF i TETTTEEEssssssees EFn
Epj =======———eeee=. —eeeecccccce———.
cemmemmcccmeeee Epy
E,
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Quasi-Fermi Energy Level for Low Level Injection (Example)

Find the energy difference between the intrinsic fermi level (E ;) and the quasi-fermi energy
level (E,,, E,) for low level injection. Assume a steady-state condition.

AtT = 300K, Ny =10 cm™3, n, = 101°cm™, 7, = 1 us, gp = 10 cm™3s71,
kT = 0.026 eV, N, = 2.8 x 1019 cm™3, N, = 1.04 x 10%% cm™3

Thermal equilibrium Nonequilibrium (Low level injection)
E.
---------------- EF TEEEsEsTTEEEEeses EFTl
I 0.2993 eV I 0.2995 eV
Ep mmme e e | ecccccarcccccca-.
10179 eV _
““““““““ Fp
E,
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Carrier Transport Mechanisms

- Drift: Due to the Electric field

- Diffusion: Due to the Carrier concetration gradient

- Recombination-Generation (R-G): Due to the Excess carriers
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Continuity Equation

Continuity Equation
-> carrier concentration change per time at the volume of dxdydz
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Figure 6.4 | Differential volume showing
x component of the hole-particle flux.
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Flux K3

[
|
!
I d:
/ LE F(x + dx)
——p | e - ==

E //l— _____ s s mopmn 7_
> Flux (F)[#/cm? - 5] b
> =nv[#/m®)(cm/s)] —rod

Figure 6.4 | Differential volume showing

/ x component of the hole-particle flux.
J = qnv = qF % Flux

] ]n|drf +]n|dlff - qnllnE + qD

————————

Jo = Jpjarr + Jpjaifr = qupE qD
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Continuity Equation

Continuity Equation
-> carrier concentration change per time at the volume of dxdydz

Er o f " FS(x + dy)
o—j—‘—b» . it
- Ly
/// ([\‘
£ &7
\ x+dx
0 F(x+dx) —F(x
a—Idedydz — [F(x) = FOx + dn)]dydz = — di %) ixdydz
oF (x
= — (’)Ec )dxdydz
Consider R-G
op  OF(x) O”Sl'i;r __OF®
ot  oOx at  oOx p P
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Continuity Equation

Continuity Equation
-> carrier concentration change per time at the volume of dxdydz

! ap dF (x)
| — = — G, — R
i ] o ox TP T
LVES - E(x +dx) 1
= . J = qnv = qF (x) F(x) ==]
e Bl o q
= dy dp dF (x)
A - = — G - R
95 X I d_.\‘/ at ax " P P
Continuity Equation
dp(t, x) 10/, op
_ = !/ _ !/ R ! — _
ot q 0x T — Ry P, “ Jo = qpipE — gDy dx
on(t,x)  19) 5 J E+qp, 2"
) / / n = qnu q .
- T = _I_ __n _I_ _ R ! — n n n d
ot g ox In T n Rn T, *
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Continuity Equation

Continuity Equation
-> carrier concentration change per time at the volume of dxdydz

dp(t, x) 19/, op 0
— __’p I / r p(t,X)
ot~ qox 9 R =g @ PO = EDE) —ab
on(t, x)
on(t, x) _ +1%+g '_R.' R.— @ Ju(t, x) = qn(t, x)unE(x) + qDy, Ox
at qox " " T

Assume

p(t,x) = po(x) + p(t, x) uniform doping ~ P(t,x) = po + 6p(t, x)

n(t,x) = ng(x) + én(t, x) n(t,x) = ng + 6n(t, x)
For Holes
dép(t,x) 0%8p(t, x) d6p(t, x) 0E (x) . 6p(t,x)
TR A P ) W RS AU g

For Electrons

adén(t, x) d26n(t, x) adén(t, x) 0E (x) . on(t, x)
ot DTz T\ Ty E AR+ gn -
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Ambipolar Transport

Ambipolar transport

-> excess electron and hole move together as a pair - Single Mobility and Single Diffusion constant

‘ Light illumination

Silicon

op(x, )4

x=0 Distance, x —p

r——f———————————— 1
5n—>1| — : + — 5p

| |

| — - =+

| Ein |

|

| — |+

| |

X ——

Semiconductor Devices, Prof. SEYONG OH

Neaman, Semiconductor Physics and Devices 18



Ambipolar Transport

Assume
, , , op(t,x) on(t,x) .
5p(t' X) = 5n(t' X) o =9In = 9 T - T N
) n
dbp(t,x) 9%6p(t, x) ddp(t, x) aE(x) . op(t,x)
ot Dy axz "7 0x E() +p(t,x) p T,
X n(t, x)Un X n(t, X) n
adén(t, x) a26n(t, x) adén(t, x) oE (x) . on(t,x)
at _Dn axz +:un a ( )+ (t x) n Tn
X p(t, x):up X p(tr x).up
L Getrid of O (x) SN = 6p = én
dx
06N
(nptn + ppp) ——
0°6N 06N

= (nunD, + iy n) 57 ity (@ — ) ——F + (np, + p1p) (g — R
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Ambipolar Transport

dSN
0wn+pmﬂ

928N 6N
dx2 +.un.up(p Tl) E+(nﬂn+pﬂp)(g _R)

= (n:unD + pUp n)
{} Devide by npu, + pp,
dSN (nunD + puyDy )0 SN N (,un,up(p — n)) 66NE

ot npy, + puy, 0x? np, +pu, ) 0x

@ adp(t, x) 3%68p(t, x)

65N ,6251\] 651\/ ’ =Dy ale _Hp(aSpa(;'X)E(X)+p(t,x)aiix))+gp’_5pg:x)
ot - D +W——E+g —R
dt 0x?2 Ox

+gI_RI

Bﬁn;;,X):Dn526;;2t,x)+ (552(; x)E( ) () (x)) ,_Sngi,x)
D — nu,Dy + puyDy _ DD, (p + n) fem? Js] Einstein’s Relationship
nu, + pUy Dyn + Dpp D, _ D, _ kT V)
Un  HUp q

,  bntp(p—n)
Ny + Py

[cm?/V - 5]
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Ambipolar Transport

Assume p-type Si and low-level injection
p(t,x) = po + p(¢, x) p(t,x) = pg
n(t,x) = ny + 6n(t, x) = n(t,x) = én(t, x)

Op(t,x) = on(t, x) p(t, x) > n(t, x)

For p-type Si and low-level injection

Devide by pD,,

pr = PnDpy®@ + 1) N DA+ n/p)
Dpn + Dyp 1+&Q - n
Dpp
( ) Devide by pl,
,  Makp(p—m (1_2)
N n + If‘> I — Hn p ~
Hn T PUp U = n, — Hn
14+ =51
P Up
d6N (¢, x) 926N (t, x) dSN (¢, x)
=D E "—R'
ot nTgxz Ty BT

Ambipolar transport
-> excess electron and hole move together as a pair & Single Mobility and Single Diffusion constant
=>» minority carrier determines the ambipolar transport characteristics.
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Ambipolar Transport Summary

Ambipolar transport
-> excess electron and hole move together as a pair - Single Mobility and Single Diffusion constant
=>» minority carrier determines the ambipolar transport characteristics.

For p-type Si and low-level injection

dSN(t, 025N (t, dSN (¢,
(t,x) D ( x)+ ( X)E

I_RI
Jt nT gz T Bt

For n-type Si and low-level injection

dSN(t,x) _ 8%6N(t,x)  ASN(tx)
=D — U E
ot P gx2 P 9x

_I_gI_RI
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Ambipolar Transport

Additional assumptions

- No excess carrier generation
- No external (applied) E-field

- Steady-state condition

For p-type Si and low-level injection

Q

0SN(tx)  0%N(tx)  9SN(tx)”
) — D ) + ) E

ot T 9x?

For n-type Si and low-level injection
Q

/
ISN(t,x)  9%SN(tx)  ASN(t,x)”
=D — ‘Llp E

ot P gx?
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L
© o

n

dp

ox

dx

Q

_|_

Q

_|_

Current is only generated by
If‘> Diffusion and Recombination.

SN(x)
. =
/Q 2
2 d25N(x)
g —R I:>O_DnW_
, d25N (x)
/4 X
§' =R ©0=D—g7— K
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Ambipolar Transport

For p-type
SN(x)
d25N(x) —— =R d%N(x) SN
_—_— N =
" dx? dx? D,t, 2nd order ODE
For n-typ = o 1
or n-type y = L_Zy
026N(x) d?5N(x) SN(x) N
P dx?2 dx? D1y

g L, =/ Dpty or L, = /Dy1,

X

NE3 _
ON(x) = Ae In + Be Ln
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Ambipolar Transport (Example)

Light illumination

Additional assumptions »
- No excess carrier generation :
n-type Si
- No external (applied) E-field
6p(x)
- Steady-state condition Ap T ‘‘‘‘‘‘
Forntype = > X
x=0
d?5N(x) O6N(x) LX _Xx
— — = L L
o7 D L,=.Dyr, > &p(x)=A4e’T+Be
Boundary condition Excess carrier concentration

X — o0, Sp(x) >0 > A=0

X

= 5p(x) = Ape v
x =0, Sp(0)=Ap > B=Ap p(x) P

Current density

dp(x) b ddp(x) :quApe

X
X D
Jp () = Ipjairf = —aDp PR L e 7 Lp:QL—p5p(x)

p p
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Excess Carrier Lifetime

Process 1

Pracess 2

s

T
g,

II]Et

Electron capture

Process 3

E¢

Hole capture

For p-type 1

TnO — CnNt

Electron emission

Process 4

C= E,

Hole emission

For n-type 1

T =
PO C,N,

Cn(Cp) = constant proportional to electron(hole) — capture cross section

N, = Total concenctraion of trapping centers
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