Absorption coefficient [a(hv)=A fig.g
P _ 0 AR
Summed for all possible

transitions between statd probability of
separated by an energy transition from the,
difference otv. initial to the final
state
« We will consider absorption transitions betweethiract valleys assuming all valence statg
are filled, and all conduction states empty (tmreundoped semiconductors at T = 0K), ar
all momentum-conserving transitions are allowiegl probability function fis independent
of energy)

\ density of available

density of ]
lectrons (empty) final states

in initial state

« Photon energy must be equal to the energy gdpraer,i.e.
v=g/h
— Absorption edge given by > g/h gg\/ %
¢ Momentum of ph_otonW/l) << crystal momenturrh(a_l) 0 \”W
therefore the excited electron state should hasentislly / ; &
the samék-value as the initial state. \
— aphoton is annihilated and an electron-hole graiated.

— Energy and momentum are conserved and electron and
hole have opposite(slide 6.5) (neglecting very small

& final energy state (note: nef -
Fermi energy level)

[e N7

momentum of light) & initial energy state
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Allowed direct transitions: Absorption

* i.e.every initial state is connected with a final st:&; = hV—|£i|

h°k? _h’k?

* In parabolic bandsig; — €, =

mK*( 1 1
. T hv-¢ = 4+
herefore hv & > ( 5 D]

_ h2k? (1J wherem, is reduced masg/m =J/nf+1/mf
m

2
3/2
+ Density of directly associated stateg(hv) = 4]7(2;?‘) (hv - &, )’/2 (slide 2.6)

For an index of refraction of 4, and

* Hence a(h V) = AD(h V- gg )]/2 assumingmy* = m* = my, then

a(hv)=2x10* (v -£, 2 cnit
(with hvandg; in eV)

* SummaryPhoton ensures energy is consenked;k;
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Indirect transitions

10t

Transition between indirect valleys.§.in Ge)
. . TE 10?
Photon cannot provide a change in momentum, tberef
two-step process is required.

10

1

0.6 07 08 09 10
by, eV

Momentum conserved viapnonon interaction (quantum

lattice vibration)
A phonon (energyg,) is eitheremittedor
h hv,,,
Vabs_‘gf _‘gi _‘Ep 1.
hy,, =& —€& +&, 2.
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Indirect transitions

All occupied states of valence band can conneatl tempty states of conduction

band

= anf2mf?

Density of initial states, 9(&) = n(l,]r;’”gij/z 3.
anfomp)’?

Density of final states, a(&y) :”(hTE)(Ef -5, )" 4.

Substitute equations 1. and 2. on previous shdsguation 4:

477(2nf)3/2 (hv—gg Te, +£i)u2 5.

g(‘gf ) = h3

For indirect transitions, absorption coefficients proportional to product of
equations 3 and 5, integrated over all possiblebtoations of states separated by
(hvt &)
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Indirect transitions

» BUT, ais also proportional to probability of interactiaith phonons, which itself
is a functionf(n,) of the number of phonons. Phonons obey Boseidims

statistics...
1 (# of phonons

o) :‘exﬂgp/kBT)_ 1 of energyg)

° Hence —(hv—s(fsp)‘

a(tv)= Af(n,)],

12
& (W—£g¥£p+£i)1/2 ok,
» After integration and substitution of the Bose<t@in function:

_Ahv-g, e, phonon absorption

aabs(h V)

- exasp/kBT)—l

R

1—exa—£p/kBTi
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[EXETER

phonon emission

http://hyper physics phy-astr.gsu.edu/hbase/quantum/disfcn.html

(note: different factor on bottom
since probability of phonon
emission is proportional ta,,+ 1)
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Indirect transitions

£9=5(T)~  §(T)

al/ 2

t
(“jg' p) (gg 5p)

(gg - gp) (59 + é‘p)

f } hv
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Both transitions are possible
whenhv> ¢, + &,.

But phonon concentration is
very small at low
temperatures — thereforg,,
is also small

Note: &, shifted with temperature to reflect sonj
temperature dependence of energy gap.

Explanation: As temperature increases, the band gap energy
decreases because the crystal lattice expand$aritératomic

bonds are weakened. Weaker bonds means less éneepded
to break a bond and get an electron in the cormluténd.
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Burstein-Moss shift. segide109

If semiconductor islegeneratelyheavily) doped, the Fermi level canibseidethe
band {.e. conduction band for n-type semiconductor) by a ¢jtyag,

Since states betweep and&: are already filled, fundamental transitions toestat
belowg, + &, are forbidden.

Hence absorption edge shifts to higher energies:
Bur stein-M oss shift £p
/ 9 g
&= 4 £, Ge at 4.2K (i.e.
&, I/ only phonon ]
&~ & emission possible): g
9 hv absorption
=0
&= coefficient as a
function of doping
concentration.
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Indirect transitions

In heavily doped indiredband-gap semiconductors, it is also possible tceme
momentum by a scattering process without interactith a phonon, via

— electron-electron scattering
— impurity scattering

Now the scattering probability is proportionalthe number, of scatterefs,
alhv)= AN (hv-¢, -¢,)°

Indirect transitions between direct vallegre also possible. &
Momentum conserved by%order process (phonons, or <

scattering)
Absorption coefficient same as previous indireansitions.

Multistep processes will have a much lower proligtithan the equivalent direct
transition.
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Absorption

¢ Indiscussing fundamental absorption, we've assuthat the
electron and hole created are each “free”. Howthey will
attract one another an may form a bound statehiohw
revolve around their combined centre of mass. Stiteis .
called an exciton H
¢ Its binding energy is very small ~0.01eV (i.e tjhslow the
CB edge)

5x10°

%9 005

(v —Ep), eV

Fund. abs. plus
exciton abs.

- Fund. abs. only

(a) neutral donor accepts photon and eIectrorI m p u rlty abSO rptl O n

excited into CB (or higher impurity level)

(b)  analogous to (a) — VB to neutral acceptor (N0 creation of el-hole pair)
(c) VB to ionized donor, or from ionized acceptor
to CB. p p , ,
/W Uittt Ui
(d) lonized acceptor to ionized donor. [, (EE  B— c c
d ]
50
e Absorption due to VB to acceptor & &y &
- transitions in B doped Si — lines often fall in
IE 20 the infra-red /W// W// W// WA
¥ 20 (@) ® © @
10
E 0 005 0.1 0.115 sics | —2009/10 Slide 14-9

Free carrier absorption

« Absorption of radiation by electrons or holes iaicge the state in which
they exist, but without becoming excited into othands

* These are labelled intraband transiticensd they dominate the absorptic
spectrum below the fundamental edge.

(a) basicinterband transitions
(i) intrinsic emission very close to bandgap energy

I jlj B
i3 4 &y
@ 0] Gii)

®

T = I &

Bl l _~.f‘7
@ 0 i)

®
- AN
7 Iﬁ'
)
©

S
o
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&

(b) involving impurity states

o

1.
+

electrons and holes with equal probability (noniatide)

eventually lost as heat

EXETER

Recombination of electron-hole pairsand photon emission

(i) and (iii) energetic electrons or holes — eneofemitted photon > bandgap
energy. There will then be an emission spectrucheaassociated bandwidth.

(i) CB-acceptor; (ii) donor-VB; (iii) donor acceptdiv) “deep trap” captures

(c) Auger recombination processes (3-particle)— non radiative — occur in
heavily doped materials — energy transferred toratharge carriers and
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Recombination and photon emission

* Processes shown in (a) on last slide indicatettieaémission of a photon is not
necessarily at a single, discrete energy.

* Spontaneous emission rate has the forgy) 0 vz(hv ~ ¢, )1/2 exd — (v _59)}
o KT

Peak photon energy decreases wit
temperature because bandgap eng
decreases with temperature.

a4
gy (eV)

» However, not all recombination processes are tizdia- but an efficient
luminescent material is one where radiative tréositdominate.

* Quantum efficiency defined as ratio of radiatieeombination rate to the total
recombination rate for all processes

I7: RF/(RF +Rnr): RF/R
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Luminescent efficiency

* We define the radiative and nonradiative recontimnarates as

_N. _N
- Rnr - (Nis # of electron-hole pairs)
r nr

» Recombination rate is inversely proportional fetime, then

radiative recombination Iifetinw
,7 — Tr — ]/ Tr — an

nonradiative - +]/Tr a (Tr + an)/Tr [ - [ +Tr

recombination lifetime
» i.e.For a high luminescent efficiency, nonradiativetifne must be large

» Interband recombination rate of electrons andsdelirectly proportional to
number of electrons available and number of emiaties: R = Bnp

» hereB constant of proportionalityB for indirect bandgap materials is ~61lines
smaller than that of direct gap materials!

* One problem with emission of photons from diteghdgap materials is
reabsor ption of emitted photons!

dN _ G-R we steady state solutip@lN/dt=0-> Ny=Gr
dt
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