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ELEN E3106/4106 Lecture 7

Optical Absorption, Luminescence, Carrier Lifetime and Photoconductivity
Outline

Absorption
Photo/electroluminescence
Recombination (direct vs. indirect)
Diffusion with recombination
Quasi-Fermi levels
Photoconductive devices

Assignments:
Reading: Streetman and Banerjee §4.1-4.3

Homework 3 due Friday Sept 26t by 5pm
Exam 1 on Tuesday Sept 30
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Steady-State Injection of Carriers

* Imagine that excess h+ are somehow injected into a semi-
infinite semiconductor bar at x = 0,

* Injection maintains a constant excess hole concentration at I_.i%I1[t)q.Esznrhidb u
the injection point dp(x = 0) = Ap x = 0 edge of ba

Light |
. . . . Vet Si bar
* Injected holes diffuse along the bar, recombining with &
lifetime, ¥ p ot
* For this problem, the solution to the steady state diffusion 0

equation for holes has the form: &&8 CX\ =% [,X} \ e ocder 0.8 sokds
XY b
* C, and C, are the mclarcop- (a\r\ﬁz—h‘a& ¢ dp(x) = C/Z;LP + Cye ™/
"grore Rrst

term

» Excess holes decay to zero as x = oo: C; goesto ()
« Atx =0, C,will be Qe

Sources: Textbook
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Steady-State Injection: Solution p(x)

e So, the solution becomes 5,
b

) dp (

op(x) = Ape_"/LP J,(x) =—qD, pdiv)
amm A]; D

C) = q7- d3p ()

P

 The injected excess h+ concentration dies out:
exponert iy in x due to

. e o\ 1| et e b o b e e e
Cecombingtion Liga
. . W 0 b
* What does the diffusion length, o
hysically represent? GURLE-1
phy y 1ep : Injection of holes
» The distance at which the excess h+ distribution ;*e’(; d:y g&%‘mi .
is reduced to 1/e of its value at the injection point [ x = 0) distribution p(x)
* We can show that L, is the average distance a i jinffug ;fsé’lﬂfr':‘egm
hole diffuses before recombining (see textbook) density J,(x).

Sources: Textbook
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Semiconductors Under lllumination

* So far, we have assumed our semiconductors
are in the dark. # of carriers is determined by
thermal EHP generation and doping

* What happens when we turn the lights on? ®
= \We create excess carriers! i © E,

\

00000000 000000 00000OCOCOOGOIOO EV

* Recall: We saw an example of this already
= |Internal photoelectric effect (Lecture 3) R
e F = py = ec=cpeed of Ngnt

A & wa\)e(erﬁ%h (a) EHP is created during photon
- £ can be determined from thie minimum energy (hv) of absorption; (b) the excited e gives up
photons that are absorbed by the semiconductor energy to the lattice by scattering; (c) e

" If Epporon < Eae, light will not be absorbed and material recombines with h*(more on this later...)

will behave as transparent

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 7 4



Absorption Coefficient
» Let’s say we have a beam of photons shining on
sample of thickness I
= Assume hv > E; and only one 1
= |Intensity is I, (photons/cm?-s)

* Intensity at a distance x from the surface can be

found:
_ + ts i deneds
= 1(x) = Loe~ < VT RN casel
« So what'’s the intensity transmitted through the
sample? vy,
T (x=d)\=T¢=Tse
* There is some predictable amount of absorption
(_ma¥ecial  dependent)

» Called the absorption coefficient, <L
= Units: cm-?
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Absorption Dependence on Photon Enerqy

* a will vary with A and _ mafecial
« Atsmall E (long 1): Egn £ Eg-

= Absorption is Qg%,sl%‘\‘o\e s case i/m E,

A= hc/Eg
» At large E (short 1): EP“ ieg'
= Absorption is _cqacidecayle” case

o (cm~1)

Case o,

* Semiconductors absorb photons much more efficiently

at energies greater than the band gap Casc 3 |

E, hv (eV) —
<+—— \ (pm)

« Note: this means the ratio of transmitted to inciden+

light intensity depends on the photon wavelength and
the thickness of the sample.
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Absorption in Common Semiconductors

* Once again: semiconductors absorb photons with energies equal
to the band gap, or larger. —~

25 , 3
B LR
% >~ O m 5>
. . Infrare | Visible | Ultraviolet
» What wavelength light can Si absorb? i G
E - InSb Ge Si | CdSe CdS SiC ZnS
o=\l eV I
—t— E, (eV,
> (1.\eVv o 1] 2 3 4Agie)
w CERI 5 om e
z -
g >~ O m\~>
Infrared Visible ‘ Ultraviolet
" GaAs GaP
* HOW abOUt SIC ' InSb Ge Si | CdSe CdS SiC ZnS

ECA,LSEC\G;g eV I

— E, (eV
eV

0 1 2 4
Epn 273 €V I ER O S
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Direct Recombination (adi actiue) 1 -

 Remember, recombination 1s when EHPs annihilate
one another (e- occupy the empty state of the hole) t  Direct

* This can take place through one or multiple steps!

 Direction recombination (Band-to-Band)

= ¢- falls from its conduction band state into the empty
valence band state associated with the hole €

= Emits a photon with energy equal to E%: &
X

 This happens spontaneously, meaning the rate of
recombination is constant in time

\ EC
W’ Photon
(Light)

< E,

« Given by the recombination constant, <L ht

= Units: cm¥/s Nok Yo Lo gof\QuSed C)@;“‘cq\ c&,gmﬁ(cx\ Ccié‘z-w\'(few&s
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Indirect Recombination e \J v Toditect
e Multiple steps for EHP to recombine A

» R-G center (¢ a g -assisted recombination .
%G“
— ’

= ¢- falls into a “trap” (energy level within the
bandgap caused by an impurity or structural R-G Center

defect) e c:‘, o
= Captured e- is at the impurity level E-r
= Then, it falls into the empty valence band _
state (hole) e!
) . \ \ Ec
* Auger recombination Fu\\\) j)}:u\\
= EHP recombine in band-to-band transition By - — ¥ — or _y _ Thermal
» But, the resulting energy is not given off as 0 ) Col\ e
photon [nen- rad, ' e ue) ‘ —E,

= [t is instead transferred to a@ﬂoﬁﬁr caffce
* In general, is indirect or direct
recombination to be faster? Dicect, no s€ CG(\O[(”H, skeg
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What about Generation Processes?

* We can generate EHP through one or multiple step processes, too

* Some are the counterpart of a recombination process

Band-to-Band R-G Center Impact lonization
é 5 ;f\ EC
°® E QM'\d. { Nete in E
Thermal c ‘\,0 gc €
energy Thermal . ?_ . _Q “g‘«\
energy i
nght W’ € Q\OQQ“Q
E, (0 Ey
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Recombination Effects on Excess Carrier Concentrations

* Excess carrier notation:
= &5n(t) = Sp(t) instantaneous excess EHPs at time t

= An = 6n(t=0) initial excess EHPs at time t = 0, right after initial excitation (e.g. light
flash)

n =1, +0n P=pytop

* How do excess EHPs decay?
= Assume n-type sample (ny >> p,) so holes are in minority
= Will majority carriers (electrons) be disturbed much? no, N, s Q\Ceada. large
= What about minority carriers (holes)? Xe<, ()o S emal\) \'
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Recombination Effects on Excess Carrier Concentrations
* Excess minority carriers will recombine with already existing majority e-: ¢

op() ~~a,nyp(1)

dt
* And the solution is an exponential decay from the original excess carrier concentration Q()_,
(1) = Ape™™" = Ape ™ ““and OJ\c-o
* If the material is p-type (PO >> ), the minority carrier concentration similarly becomes, <= -
. ha%%\xr? dn(f) = Ane ' = Ane /™
* Romviiration (aeClicent
= Units: cm’/s

What is 7? _
-atégcomhtmm_'\?(:e-‘iwe Ts=10 L

= Units: s . q
T_n - (ar@) Tp — (arn'O)

-— -

Calculations made in terms of minority carriers!

In the case of direct recombination, on decay at same rate as op
Gn= 89
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Low-Level Injection (Ptypesample

. -3
* More generally, we can write: (\D&fc,v- T
o~ Ap+ﬁ=1.1x10'5cm_3

1 (5 . :_4/’“’ Hole s

Tn = —\alM -3 7
" a,(n() + pO) AP:A‘\" \O C™ Po=10"cm 3

* This is valid for n- or p-type material if the injection
level is low

10 14

Carrier concentration (cm ~3)

* What does “low-level” mean?

1013

= The excess carrier concentration is much less
than the majority carrier concentration

n 2\04 e 3,0
¥ iy el geckion ’ ’

-: \o t“ t(ns
9 W\\e“ Oz, Qﬂ(ﬂ (“IVLC b“ " \D_\_\ 1)
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Steady-State Carrier Generation

* Recall,

= Thermal equilibrium: generation = recombination

_ 2 _
g(T) = a,ni = a,nyp,
= Steady-state: all time derivatives (9/0t) = T !

* If a steady light i |s shone on the sample, an optical generation rate 399 and assuming no
trapping, An = e (Fecu\\ €™ and " generared as Pa ;’5
g(T) + 8op = NPy + [(ng + po)dn + 8n’]
Gen . N equNuGun 9en: due Yo opfical excitaiioy

* Assuming low level injection, we can rewrite this,

F 5
Msng Carcar gy = ay(ng + podn = -
Cof\c. oW« Qﬂ*‘ A n
Fed TCanty

. Why is th|s important? Now we can write our excess carrier concentrations,

on = Tn8op and op = Tp&op
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Problem: Optical Generation and Recombination

« GaAs doped with 2 x 101°> donors/cm?3 and having 4 x 10'* EHP/cm? created uniformly at t =
0. Assume that t, = t, = 5 us. Calculate the recombination coefficient a,. for this low-level
excitation. Assume that this value of o, applies when the GaAs sample is uniformly exposed
to a steady state optical generation rate g,, = 10'® EHP/cm?-s. Find the steady state excess
carrier concentration An = Ap.

 First, we find the equilibrium hole concentration,
. _ony (2x106)°

Po = ny ~8x1a'
* Next, we find the recombination coefficient (rearranging eq. on previous slide)

cap=———— = - = \o™° cm3 /s
Tn(Mo+po)  (5%x107%)(2x1015+2x1073)

c An= Ap = gap T = (1019"’"_3) (5 x 10-65) =S %XLo'3 -3

S

=2x%x10"3¢cm™3
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- - -\evel (niechrion!
Quasi-Fermi Levels lowe A\

* Often times we want to write expressions for steady-state

n-type Si sample. The % change in n is
small (quasi-Fermi level hardly moves),

carrier concentrations in terms of our Fermi level while # change in p is large --> quasi-
. . . . . F level is far f ilibrium Fermi-
e But the Fermi level is only meaningful without excess carriers I:‘:;T' evelistarfrom equiiforium Ferm
* Soin the case of excess carriers, we define quasi-Fermi E.
levels,
- s e — Fn = EF
n w_for €
0.233 eV
= Ep for WY
\ - == - —E
0.186 eV
 Why are these (visually) useful? So we can demonstratethe - " — — — F,
deviation from equilibrium caused by excitation, like a light
= Minority carrier quasi-Fermi level will be greatly 2
displaced! ' A
n = ,1167(Fn_Ex)/kT
* F, - F, is a direct measure of the deviation from equilibrium p = ”i"( E—F,)/kT
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Problem: Quasi Fermi Level under Steady-State Injection

In a very long p-type Si bar with cross-sectional area = 0 5 cm?and N, = 1017 cm3, we inject holes such that the
steady state excess hole concentrationis 5 X 10*® cm3atx=0. What is the steady state separation between F,
and E_ at x = 1000 A? What is the hole current there? Assume that w,, = 500 cm?/(V - s) and T, = 10710 s. =

E Cm
p =g dhp = 0.026(500) = 12.95 <

L, = ,H:j;’t'; = /(12.95)(1010) = 3.6 x 1075
1000x10~8

_x \7
p =po+ 6p(x) =py+ Ape v = \L + (5 x 101)e z6x10-5 = 1.379 x 107 cm™3

>

* Now, we can solve the carrier concentration equation,

Ei-Fp 1.379 x 1017

s p=me @ -E—F =2 )kT_l(S CExigw) 0026 = 0.415 eV

= 0.965 eV

E.—F, = (E.—E)+(E,—F,) == '2

—— -19 _1000x10~8
I = AJp(OATE 5p(x) = AL2 ppe o = (0.5) (1'62160“))(_152'96) (5 x 1016)e s6x 1075
P )

I, = 1.09 x 103 4
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Photoconductivity

 Last but not least, we have excess carriers with the lights ON. Will the conductivity
(resistivity change)?

* Recall: o i%:&hp Not Mg(’&

» Before, we were neglecting the term associated with minority carriers for n- or p-type
samples

* But with excess carriers, 6n and 6p from the light, n and p are affected:

Steady-Ste:n=n,+0n  p=p,+0p
Nk Sready - Shates W IEY=n, + 5,668 plb) =g, t ot

* The increase in conductivitv caused bv excess carriers (EHPs} from lights being turned on:

o(t) = q[n()w, + p(Hp,]
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