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 Luminescence
 Recombination
« Diffusion of charge carriers
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Optical absorption and excitation

hv > Eg for the generation of an ehp,
the energy in excess of Eg turns into
kinetic energy. For photon energies
of the order of the Eg, an ehp 1s
generated. When the photon energy
increases the electron gets kinetic
energy which results in impact
ionization which result in more than
an ehp 1s generated/photon. When the
electron 1s relaxed in the conduction
it can recombine back into the
valence band (¢).
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Optical absorption and excitation

For photon energies below the
band gap Semiconductor is
transparent. Measurement of
optical absorption is a way to
determine the band gap.

I =1e ™

a 1s then the absorption coefficient
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Optical absorption and excitation

hv=E,
A= hcl E,
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Luminescence

*Fotoluminiscens (fast emission)

AN, 22 1 43 eV
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Luminescence

*Phosphorus luminescence
(delayed process via a trap in
the band gap)

*Electro-luminscens injection of
% minority carriers, require a p-n
fo e iynction, LED

(a) (c)

/IVI ANNANNNNNp /\/\/\/\/\/\/\/\plll)z

(e)

E,

L4

Mittuniversitetet
MID SWEDEN UNIVERSITY




Direct recombination (direct bandgap
as GaAs)

dn(t)

At = 0‘;-”;'2 - ar”(f)P (f) « recombination
Thermal
Generation
ddn(t) . Generation of ehp with a short

g7 = o.Nn; — (X,.[I’lo =t Sl’l(f)][po : Sp(l‘)] hght pulse

p, and n, are the concentrations

= —a,[(ny + pp)dn(t) + 3n*(1)] at equilibrium
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Direct recombination (direct bandgap

as GaAs)
P-type material has p, > > n, and 0
the equation then becomes At

With the solution Bn(e‘) = Ape &Pl = &”E-—t‘/-r”

—

~1 . .
(ﬂ', rp D) Is called the minority carrier lifetime

(ﬂfﬂﬂ) B 14 When n0 > > p0

- CJ"t.i"llj[}aﬂ (f)
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Direct recombination (direct bandgap
as GaAs)

At pem X0t . P-type doping material with 101>
s L _ cm3 GaAs with n, = 106 cm™3
: . § results in ny = 103 cm3!!
' Vid t=0 genereras 10** ehp/cm?
ﬂ% _—An= 10 cm 3
é I{]”" il -
E brn=Ane-t7
Inédn=InAn=-=1t/v
1013:— -
lUle . llll} | 20 . 30 I 40 50
¢ (ns) “
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Indirect Recombination (indirect band
gap)

Direct recombination is unlikely
process in indirect semiconductors
such as Si and Ge.

Instead occurs recombination (holes
and electrons annihilated) by
recombination level (an impurity level)

In the band gap.

oS ERNRILPESRRRESAEY An impurity level that takes up an
} 3 electron temporarily and then emit
(a)| - electron again without recombination
| ER— is called "trap" level
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Indirect Recombination (indirect band
gap)

(0.049) -Sb* (0.039) Semiconductor excited with light pulse

0 .S* (0.18) and the conductivity measured as
03 fkn time for determination of the
04| N0 '8 037) effective recombination
0.5 - .Mn™* (0.53) JAu” (054)

. - +Zn~ (0.55) : - . i
0.5 -Cu™ (0.49)
0.4 ﬂ'(f) = Q[n(f) I.L” + p(r) ”‘p]

- Au™ (0.35)
0.3 +Zn~ (0.31)
+Cu™ (0.24)
02 “Ni~ (0.22)
-In"~ (0.16)
0.1
B~ (0.045) a~ (0.065) + Al™ (0.057)
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Generation in equilibrium and in constant excess
of charge carriers

g(T) = a,ni = a,nyp, in equilibrium

g(T) + gop = aynp = a,(ng + 6n)(p, + 6p) with constant
excess of charge carriers, as optical excitation (photo
generation)
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Quasi Fermi levels

Quasi
equi
Quasi

Ibrium.

—ermi levels describes the electron and hole

—ermi levels are used as the semiconductor Is not In

concentrations, such as photo generation and injection of
minority carriers (PN junction)

n=ne

p\: e

(F,— E)/kT
(E;' B Fp)/kT

N\

0 is gone when concentration is not
in equilibrium, mass action law 1s
not valid
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Diffusion of charge carriers

A light pulse creates a
concentration gradient of ehp.

The driving force is that the
charge carriers moving in the
direction of lower concentration
to even out the differences,
which is called diffusion
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Diffusion of charge carriers

The flow of electrons— = &, (x) = - D, dnl)
dx
Concentration (holes, electrons) dp(x)
Movemerit direction caused by the gradient d)p (.1:) - Dp

Diffusion coefficient

 § » X
o) (— dn(x) dn(x)
| T,(diff.) = —(—¢)D, = +gD, =
Diffusion current density
I T (diff.) = —(+4¢)D dp(x) _ —gD dp(x)
’ Pdx P odx
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Diffusion and drift of the charge

carriers

Drift and diffusion components,

for electron and hole current
density

Total current density

dn(x)
J (x) = gp,n(x)é(x) + gD, s
drift diffusion
) dp(x)
7o) = qupp(x)é(x) — gD, =

J(x) =J,(x) + J,(x)
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Diffusion and drift of the charge
carriers

Doping profile with phosphorus, the
net charge is 0

f E We have a doping gradient, the
N ¢ i electrons would diffuse to even out
ERNEE the gradient
= R But the electrons leaves fixed
T+"»\ % positive ions in the lattice that results
} = in an electric field, which balances
\ % the diffusion
5 £ (x) D, dn(x)
J (x) = gp n(x)é(x) + gD dn(x) =() U n(X) dx
& " n

H {ix

4

Mittuniversitetet
 MID SWEDEN UNIVERSITY



Diffusion and drift of the charge carriers

d
T dx

co

E.

i

(—q)

I

1 dE;
q dx

E(x)=

V(x) = Ex)/(—q).

V(x) Potential energy per unit charge

= D, dp(x)
1,p(x)  x

n poznie(Ei—Ef)/kT

L 4
L 4
!

At equilibrium applies ¥ dE.
D, 1 (dEi _dEFj dx
t, KT L dx  dx

=0

E(x) =

| dE, _ ¢ |

D kT ax

m q Einstein's relation

-
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Diffusion and Recombination, the
continuity equation

Jp (x + Ax) ﬁp(x, I) — ddp — _1 a_‘]fl — _SE
dl dt g ox T,

Area, A cm?2

op 1.z p(x) — ]p ( x + A x) dp | Partial differential equation
ot X-x+Ax q AX TP
Rate of _ increase of hole concentra- _ recombination
hole buildup tion in &xA per unit time rate &
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Diffusion and Recombination,
Diffusion equation

Jdon

J (diff.) = gD, —— | | Without drift "negligible clectric field"
X
5 At steady state "the time Diffusion length of
@ - d“on _ 8_” derivative = 0" electrons
ot "oxt T,
dzﬁn B on o on ‘Ln = Y DraTn ‘
2 = — 72
@ B 626}9 B a_p dx D”Tn L”
or P ox’
* Tn d*dp O _ 9op
2~ — 72
dx~ Dy, L;
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Diffusion and Recombination,
Diffusion equation

p(x) ( > J~ I/L
X
N p(x) = po + Ape™r
d
Jp(x) = _qu ZX(X)

Ap D

= a-2L 8 —X/L

Tz 479 M(x) = Ape '

* pol---—————————————— -

0 X




Haynes-Shockley Experiment

Allows measurement of minority carrier mobility and
diffusion coefficient

Light pulse s ¥

J )L
£y
«C
—~
~
~

&

Mittuniversitetet
MID SWEDEN UNIVERSITY




Haynes-Shockley Experiment

L

V,=—

R1§ 4 td
Pulse ™ Vd
o =2

(a)

A

adp(x, 1) . 3%8p(x, t)
’V /&A/e =(0.368 A at g axz

. e o

| Partial differential equation with the solution

—_—

(b) ~x*/4D t

AP 1s the number of holes/area
&
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Haynes-Shockley Experiment

e 18P = 5p o~ (Ax/2)°/4D,

A x/2 means that Gauss distribution
has fallen to e!

2

(&
P16t

A & _ AP L

2Vm Dyt &x — :ﬁ.f"'ﬁ'd —_ &t s

e L

L5
/ \ o= A t, td and L is measured
/‘ i |
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Haynes-Shockley Experiment

An n-type Ge sample is used in the Haynes-Shockley experiment shown
in Fig. 4-20. The length of the sample is 1 cm, and the probes (1) and (2)
are separated by 0.95 cm. The battery voltage E;is 2 V. A pulse arrives at
point (2) 0.25 ms after injection at (1); the width of the pulse At is 117 ps.

Calculate the hole mobility and diffusion coefficient, and check the re-
sults against the Einstein relation.

v, 0.95/(025 x 1073)

il - 2 (V-
by = 21 1900 cm?/(V-s)
(a0 (s

P d6t; = 168

(117 X 0.95)* x 10"

— 49.4 cm?
16(0.25)> X 10~ Bdamys
S Sl L e
W, 1900 q
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