Review: Depletion Region Recombination

Flat Quasi-Fermi Level (QFL)

I Requires rate limiting recombination is slow compared
to thermal diffusion

Assuming: k,~k, =0 v, Flat QFL
I We get for recombination in the bulk at
] position X,

'\ Ef,n
Ef

' p

U (X):N éV Il(X)p(X) - ni2
! Y n(x)p(x)

> X
Quasi-Neutral Region

Note, Vapp < 0 here



Review: Depletion Region Recombination

U (X):N ov n(X)p(X) - ni2
, T n()tp(x)
N(Xx)p(x)=n; Exp(-QVgpp/KT)

N(X) p(x) = constant for flat QFL and constant Vapp

-Substitute definitions and divide
top and bottom by \/ n(x)p(x)

B N.ovn {Exp(-qV,

pp

o), [pt)
p(x) \n(x)

/2kT)-Exp(qV,

pp

/2KT)}

U, (%)



Review: Depletion Region Recombination
2N.0vn, sinh(-qV, /2kT)

U, (X)= L
\/@+ \/@
p(x) \n(x)
OI’, for Vapp >3kT Udr (X)= 2I\IT(,)Vni EXp('anpp/ 2kT)
p(x) \n(x)

Maximum occurs when n(x) = p(x)

| \
Udr,max (X): NT_VnI Exp(_ X X )

2 2KT



New Material: Recall we desire U qa,

Continue with U, ..., recalling we want to solve for U;q,, as

Ungp =L U s e
0 n(x)=n_Exp[qd&-X . )/KT]
x=w xm o  PX)=P,EXp[-adx-X)/KT]
/ a = Electric Field
P Nm = concentration of e~ for max U,
EF,N n(xm)=p(xm)
EP,N Xm= position where n=nm
f_,,,/ TN ore band bencing
@ @ In region 2, x>xm  Exp (+) 0 n(x)>n(xm)

I Less band bending



Calculating U;q74, - Back to Math

Substituting in for n(x) and p(x)
2N 0vn.Exp(-qV,,  /2KkT)

U(x)= P
n, Explqa(x-x,, VkT]  [p,Exp[-ga(x-x,, )/KT]
p.Expl-qa(x-x,)/kT] \ n_ Exp[qa(x-x,)/kT]
Exp(x) _ _
Use Exp(-x) Exp(2x)  andn,=pm

N..ovn. Exp(-qV, /2kT)
U(x)= a
Exp[qa(x-x _ )kT]+Exp[-qa(x-x_ )/kT]




Calculating U;q7a,

e"+e”

Use definition of cosh x = , and formula for U,

U Uiax
cosh[qa(x-x, )/kT]
. W
U
= U(x) dx = - dx
Urora _([ j > cosh[qd(x-x  )/kT]

For normally doped Si with Kn~Kp (assumed)
Uyax IS strongly peaked away from W, so we can

extend the integral from W’ ! | .



Calculating UroraL

dx :

dX —
Hrom= J cosh qa(X -x_)/kT] 'Z:'Ecosh[x] 2

0

D kT

After a change of variables, U, = S UL iax

V.. +V
Recognizing that: 3= M —_bi app

cm \%Y%

D kTW
UTOTAL 2 q (V MAX
b1

aPP )

ratio of thermal spreadmg
to carrier positioning.
Thermal Voltage



UTOTAL

Substituting for Uy,,x , we obtain

U - D kTW(NTéV)ni EXp ( anpp \
TOTAL B
"Jo" termY Impz)rrtant,
Notice Vapp though A =2 not like

thermionic emission



Uro7a - Everyone Does it Differently

Note: Nate and Mary quote a

W'
different value. Usora JU(X) dx = Box Area
0

kT
.ﬂ(Yb#+Ya1$ )

Dimensionless: ratio

///%< thermal to applied volage

Box Width =W

UMAX -+

VTN s

|
Box WIDTH

—> J, and UTOTALoffby% : O(1)



Quasi-Neutral Region

Current to apply QNR
voltage
Cp— - lonized donor atoms neutralized
| LTI NN by injection of electrons into CB.
\"E;’J + 4+ + 4
recombination bl EF,P
"\ . p(x) has not changed: before injection of
RPN electrons, p(w)<p(w’) despite flat bands
. ,\‘ '- - h+ h+ h+
diffusion < He
h+
A W

Concentration gradient causing holes to diffuse away from W’ into the bulk.

Need to understand Diffusion/Recombination/Generation equations

I Assume No Generation



Diffusion-Recombination

Recombination-Diffusion = 0

' : 1 C (x,t
Fick's First Law: Flux=-D_ ;)( )
Diffusion: | 2x
' |
Fick's Second Law: - C‘I) (tx,t) =D, - Co gxat)
' '

Putting it together:

P _ oo PP 9% p()
0 2
ot RE7AF: dx

Excess Carrier
lifetime

Need Boundary Conditions



Diffusion-Recombination

Assume no recombination in D.R. or at S.S.

V,» <0, so more holes at W'as E | suggest

/kT)

n(w)=n, since E, =E

At x=w". n(W)p(w') = niz Exp(-qV,

pp

Boundary Conditions for Bulk D-R stats:
p(w') = poEXp('anpp/ KT)
p(e=) = Pg



Diffusion-Recombination

After the math:

p(x) = PoPo [EXP('anpp/ kT)-1]Exp

Lp= Diffusion Length = /Dp()p

Does it work? D=R ? voutell me.

2
recal, D:DOa p(zx)
d X



Diffusion-Recombination

Current = -q F UXhole™d H Y dectrons We only have p(x), so lets take
9 p(x) region where flux only due to
Current= -q Fluxholelyy» =-dDp IX |\ holes: at x=W’
B_p = —p—O[EXp(—anpp/kT)—l]Exp[— (x-w) ] Evaluate at x=W’
X Lp Lp
2 2
J = gD BQ[EX (-qV,nn/kT)-1] ;1 =n? S0y
BR ~ T pL, P Yapp »HoPo = Hi Po ™ N
) Dpny EXP(-QV oy /KT)-1
B/R ~ LpN@[ p('q app )' ]
-

Jo



Schockley-Read-Hall

U N Knkp(nypy, - niz) ] N
bulk ™k (n +n,)+k (P +p) I“‘L N
U= -on _ —Bp KI;C D, AC D,
8’[ at /\ h+ e-
%ZNTknnb(l-fT)-NTk'nfT(D.O.S.inCB,empty)
—"p '/\ |
e :NTkabfT | NTkp(I! £.)(D.0.S.in VB, filled)
kp =kpny, kp =kppy Trapped states can be caused

n = NCEXP['(EC'ET)/kT] by metal impurities, oxygen,
or dopants
Py = Ny Exp[-(Ep-Ey, )/KT]



Schockley-Read-Hall

cm’®

6

| —(cm™)
Units for U =cm”™ = =cm™ s’
blllk Cm3 3
>—(cm™)
As’rero d hitting the eor’rh , cm
NG k=6v=cm’—; v,=10"cm/s;
elec’rrom Tropoed atom S

—or*=3(3*10®)* =10

trap
Q k =v, 0, =10"cm’/s

trap

\ . . .
&= I =lifetime of carrier
) 1
0 =
kN



Schockley-Read-Hall

LLI: Lower Level Injection of For n-type: €N<<N,(10®)
Electrons and holes from photons €p<<pb (105)
1010

HLI: Generate more electrons and holes than
We had in our lattice:

10"-10°=€n=€p>n,

n=j f(e)DOS; Using Boltzmann Statistics, (€ )=Exp[-(E-E;)/kT]

Ec



Schockley-Read-Hall

(An_l_n )(Ap—l_pb ) n AnAp T pb,ol&r1 T nb,oAp T pb,oub,O-_lii_2
Ybulk ™ op(An+n +n,)+0y (Ap—l—pb +p1) @p(Anjunb’o 1, )+0p ( AP+Pb,o+P1)

Assuming LLI of n-type Ppo <S \An ~ A]% <SS,

h'd

S
(10°) (10'%) (10"
Ubulk 1s dominated by Ap*nb o term In numerator

and T.n 1n denominator
Pb,o

Leaving us with : Ubulkzif

We assumed 0, ! 0



Schockley-Read-Hall
€p ~dn_ dp

p
Solving yields: pZApExp(-t/Tp) +Po
For HLI, same assumptions: HLI: U _Ap
bulk 20,
HLI decays twice as slowly
LLI HLI
LLI: Wait for hole LT HLI: hole & e- carriers must

carriers to recombine Te

™ Te recombine ! twice as long




