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Electron and Hole Concentrations

« Under equilibrium conditions,

Mass actionlaw  n,p, = n,’

n, equilibrium electron concentration
Po equilibrium hole concentration
n intrinsic carrier concentration

i

« Under excitation conditions,
(absorption of light, injection of current)

n=n,+A4n and p =p, + 4p

n free electron concentration

4n excess free electron concentration
p free hole concentration

4p excess free hole concentration
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Recombination of Carriers

o0 © o 0o O _ Fig. 2.1.  Tlustration of

[ ] [ [
L‘C electron-hole recombination.
The number of recom-
hination events per unit time
per unit volume is propor-
tional to the product of
E electron and hole concen-

0O 0 O 0O0O0CCO O O O 0O o0oO0 Vv trations, i e. Rocnp.

* The number of recombination events will be proportional to
the concentration of electrons and holes

Bimolecular rate equation R = _dn = _dp = Bnp
dt dt
R recombination rate
(1011 ~10° cm?¥s for Ill-V semiconductors)
B bimolecular recombination coefficient
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Radiative Recombination for Low-level Excitation

« Electrons and holes are generated and annihilated in pairs.
= A4n(t) = Ap(t) under steady - state
» For the case of low-level excitation, the photogenerated carrier

concentration is much smaller than the majority carrier
concentration.

= A4An << n, and 4p << p,

R = B[n,+4n(t) ][ p, + 4p(t) | = Bn? + B(n,+ p,) An(t)

= Ry + Reycess R, equilibrium recombination rate
R, c.ss €Xxcess recombination rate
dn(t)
dt =G -R-= (GO + Gexcess) - (RO + Rexcess)

G, equilibrium generation rate

Gicess EXCESS generation rate
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Carrier Concentration as a Function of Time

Light "on" ﬁ r—— Light "off"

Optical
generalion rale

Hole

concentration

Electron
concentration

g

= 1 - T

Fig. 2.2. Carrier concentration as a function of time before, during, and after an optical
excitation pulse. The semiconductor is assumed to be p-type and thus it is py >> ng.
Electrons and holes are generated in pairs, thus Ap = An. Under low-level excitation
shown here. it is An << p;. In most practical cases the equilibrium minority carrier
coneentration is extremely small so that ny << An.
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Carrier Lifetime

* t=0(lightoff) P Gyess = O
* Equilibrium =2 G, = R,

d d d
—n(t) = —(n, +ANn(t)) = —An(t) =-R = —Bi(n An(t
= at () dt(0+ ()) at ® excess (0+po) ®

t
An(t) = An, e B(m+P)t = Ap e+

carrier lifetime 7= [B(n, + p,)] ™

1 1 .
r= —— = —— forp-typesemiconductors
Bp, BN,
1 1 .
r= —— = —— forn-typesemiconductors
Bn, BN,
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Minority Carrier Lifetime

Minority carriers

e Termination of photoexcitation
=>» The carrier concentration decays exponentially with a
characteristic time constant. (minority carrier lifetime, t)

Majority carriers

» The carrier concentration also decays with the same time constant.
* However, only a very small fraction of the majority carriers
disappear by recombination.

Carrier lifetime can be extracted from minority carrier concentrations.

p-type semiconductors = electron carrier lifetime
n-type semiconductors = hole carrier lifetime
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Minority Carrier Lifetime of p-type GaAs

107
GaAs
=0 Theory: T= (BN Y | T=300K
. with B= 1010 cm?/s
107 o
z L
= 10k
L r ‘
2 A A A A
£ ot A Ay
£ D&
g, A
5 107 F A
8] A Hwang, 1971
Ly O Enhrhardt et af., 1991
10 :- HOH Nelson and Sobers 1978a and 1978b
I (H@H Ahrenkiel, 1993
102 - ol PR el PR L
]01-1 ]ﬂ“;' ‘n\ﬁ Inl? Inlﬂ |OW

Doping concentration N (cm ™)

Fig. 2.3, Minority carrier lifetime as a function of doping concentration in GaAs at 300
K. The lifetime was inferred from luminescence decay mesurements. The data points of
Nelson and Sobers (1978 and 1978b) and Ahrenkiel (1993) were measured on nominally
undoped material with a doping concentration << 100 em™3,

* In nominally undoped materials, minority carrier lifetime as long as
15 ps have been measured in GaAs at room temperature.
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Radiative Recombination for High-level Excitation

« Electrons and holes are generated and annihilated in pairs.
= An(t) = Ap(t) under steady - state
» For the case of high-level excitation, the photogenerated carrier

concentration is larger than the equilibrium carrier
concentration.

= A4n >>(n,+p,)

R = B[ n,+4n(t) ][ p, +4p(t) | = Bn;? + B An(t)*

= iAn(t) = —B An(t)?
dt
an(t) = ———* . (an(0) = an,)
Bt +An, . .
=» non-exponential carrier decay
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Carrier Lifetime for High-level Excitation
Low-level excitation
_t
Aan(t) = An, e
t
dAn(t) —dn e 1 _ An(t) 1
dt 7(t) 7(t)
__ 4n(t) .
7(t)=— dAn(t) . definition of carrier lifetime
dt
High-level excitation
4an(t) -1 ;
7(t) = — =t + (B An time-dependent
® dan(t) ( 0) carrier lifetime
dt
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Luminescence Decay

» The carrier decay in semiconductors can be measured by the
decay of the luminescence after a short optical excitation pulse.

« luminescence intensity o« recombination rate (R)

_dn(t) _ 4n, .

R = =_—0l¢e for low excitation
dt T

R = _dn(t) = — B for high excitation
dt (Bt + Ano_l)2

» All non-exponential decay functions can be expressed by an

exponential function with a time-dependent time constant.
t

An(t) = An, e'"® = An, e B
=>» stretched exponential function
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Radiative Recombination for High-level Excitation

é 3 “Stretched exponential decay”
Er Low excitation
sl A< Ny
= Exponential decay
2 /
3

; I ; Time

(b) 5
=l k\‘?(-\’i\"-"
=3 N7 '_." Low excitation
5 | T =const -
E //\g\}-ﬁgh excitation
[
Time
Fig. 2.4, (a) Luminescence decay for low and high excitation density. (b) Time constants
for low and high excitation density.
* For sufficient long times, low-level excitation conditions will
be reached and t will approach the low-level value.
12
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Non-radiative Recombination in the Bulk

(a) (h)

Free electron Vibrating atoms (phonons)

Hole

Fig. 2.5. (1) Radiative recombination of an electron-hole pair accompanied by the
emission of a phomn with energy hy = .f'.'g. (b) In non-radiative recombination events, the
energy released during the electron-hole recombination is converted to phonons (adopted
from Shockley, 1930).

Two basic recombination mechanisms in semiconductors
Radiative recombination
: One photon with energy equal to the bandgap energy is emitted.

Non-radiative recombination
: The electron energy is converted to vibrational energy of lattice
atoms (phonon). = Heat generation
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Cause for Non-radiative Recombination Events
* The most common cause for non-radiative recombination events
: Defects in the crystal structure
foreign atoms — interstitial, substitutional
native defects — vacancies, antisite defects, interstitials
dislocations
complexes of defects
» All such defects have energy level structures that are different
from substitutional semiconductor atoms.
= One or several energy levels within the forbidden gap of the
semiconductor
445.664 (Intro. LED) / Euijoon Yoon 14




Electron and Hole Concentrations

(a) (b) ()

s © 68 S ,

C
Thon-rad Thon-rad Trad
e e R = I ——-- Eg
o
ke ®® o ¥ v
)

Fig. 2.6. Band diagram illustrating nonradiative recombination (a) via a deep level, (b)
via an Auger process and (c) radiative recombination.

(a) Recombination via deep levels
(b)Auger recombination

(c)Radiative recombination
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Electron and Hole Concentrations
E. energy of Fermi level
E, energy of lowest conduction band level
E, energy of highest valence band level
N, effective density of levels for conduction band
N, effective density of levels for valence band
n; density of electrons in an intrinsic semiconductor
n, density of electrons at equilibrium condition
Po density of holes at equilibrium condition
E.-E E -E
n, =N, exp| =5 —= p, =N, exp| ———*
kT kT
E _E 2
n,p, = N_N, exp| ——= |=n;
oMo c' v kT i
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Electron and Hole Concentrations ( Eg = E;)

E; energy of the trap level in the bandgap

n, density of electrons in the conduction band for Eg = E;
p, density of holes in the valence band for E. = E;

n =N, exp(%j p,=N, exp(%}

E -E
np, =N.N, exp(%) = ni2 =n,p,
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Shockley-Read Recombination

C,=Ny,o, probability per unit time that a hole in the valence
band will be captured at the traps filled with electrons

C,=Nyv,o, probability per unit time that an electron in the
conduction band will be captured at the empty traps

N, . the concentration of the traps
v, and v, : the electron and hole thermal velocities
o, and o, : the capture cross sections of the traps

The net capture rate of electrons in conduction band
ch = Cn (1_ f;‘)n - Cnftnl
The net capture rate of holes in valence band

R,=Cfip-C,(1-f)p,

Ref) W. Shockley and W. T. Read f,: fraction of traps occupied by electrons
Physical Review 87, 835 (1952)
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Shockley-Read Recombination

For steady-state conditions, R, =R_, =R
_ C.n+C,p, e c.n+C,p
‘ C,(n+n)+C,(p+p,) " C,(n+n)+C,(p+p,)

Non-radiative recombination rate by Shockley-Read Recombination

C,C,(pn-p.n,) C.C,[(p, + 4p)(n, + 4n)- p;n, ]

C,(n+n)+C,(p+p,) C,(n,+n,+4n)+C,(p, +p,+4p)

SR =

1P = MoPo = 1 R n,Ap + p,4An + ApAn
) SR~ A1 =)
C, (n, +n,+ 4n)+C, " (p, + p, + 4p)
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Non-radiative Lifetime by Shockley-Read

The non-radiative lifetime of excess electrons can be deduced from
the equation Rgg= An/ 7 (constant recombination rate) and 4n = Ap.

1 P, +n,+4n

t €, (ny+n,+4n)+C, " (p, + p, + 4p)

When small deviation from equilibrium is assumed,

p-type semiconductor = p;>>n,, p, and A4n<<p,
1 1
; = T_ :Cn :Ntvnan

ng

n-type semiconductor = n,>>p,, n, and A4n<<n,

1 1
=== =C,=Ny,0,
T T b
0
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Non-radiative Lifetime of Intrinsic Materials

When we assume C,=C, and very small 4n and 4p

1 p,+n,+A4n
==(N ) 0™ o
T ( 'V"a"’(no +n, + 4n)+(p, + p, + 4p)
=i Py + Ny r=1, (14_ pl+nlJ
T, (n0+nl)+(p0+pl) ’ P, + N,

For the special case of intrinsic materials, = n,=p, =N,

7, =7, |1+ MJ
° 2n;
=7 _1+ n; eXp((ET _EFi)/ kT)"‘ n; exp((EFi — ET)/kT)
| 2n;
-7 _1+ exp((E; —Ex)/ kT)+ exp(-(E; _EFi)/kT)i|
ny i 2
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Non-radiative Lifetime of Intrinsic Materials

T, =7, |1+ COSh(ET_EF")
° kT

* When the trap level is at or close to the mid-gap energy
( E;= Eg=0), the non-radiative lifetime is minimized (1 = 21,).
= Mid-gap levels are effective non-radiative recombination
centers.

« As T increases, the non-radiative recombination lifetime
decreases.
= The radiative band-to-band recombination efficiency
decreases at high temperatures.

* Some devices are based on radiative recombination through a
deep state. ex) N-doped GaP
=>» The deep-level recombination rate increases with
increasing temperature.
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Visualization of Defects

GaAs
T=300K

fe—
10 pm

Fig. 2.7. Cathodoluminescence
micrograph of a GaAs epitaxial
layer. The dark spots are due to
large clusters of non-radiative
recombination centers (after
Schubert, 1995).

« Clusters of defects or extended defects (dislocations)

=» Luminescence-killing nature

e Luminescence in the vicinity of the defects is reduced due to the

non-radiative recombination channels.
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Luminescence from Deep-level Transition
T T T
z [ Bund-to-band n-type GaN / sapphire
g luminescence T=300K
:é I 6.5 nm 1
: r (60 meV) 1
=
5 i Deep level 1
é L luminescence Il
E
j . -
300 MIHP 5[’3[! (\(I)U 00
Wavelength & (nm)
Fig. 2.8. Photoluminescence spectrum of GaN with a band-to-band transition at 365 nm
and a second transition at 550 nm which was identified as an optically active deep-level
transition (after Grieshaber er al. 1990).
* While most deep-level transitions are non-radiative, some
deep-level transitions are radiative.
* n-type GaN / sapphire
365 nm : band-to-band transition
~ 550 nm : deep-level transition (related to Vg, )
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Auger Recombination

* The electron-hole recombination energy ( ~ E;)
= Excitation of a free electron high into the conduction band
or a hole deeply excited into the valence band

» The highly excited carriers will subsequently lose energy by
multiple phonon emission until they are close to the band edge.

RAuge, = Cpnp2 p-type semiconductor (2 holes + 1 electron )

Ryuger = Cnnzp n-type semiconductor ( 1 holes + 2 electron )

o Auger coefficient in valence band
C, Auger coefficient in conduction band

=» Owing to the differences in conduction and valence band
structure in semiconductors, C, and C, are generally different.
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Auger Recombination

« In the high-excitation limit, the non-equilibrium carriers have a
much higher concentration than equilibrium carriers.

>n=p
Ry = (C,+C,)n° =C 1®

C : Auger coefficient
1028 ~ 102° cm¥/s for 1ll-V semiconductors
3

R

Auger o< n

=> Auger recombination reduces the luminescence efficiency
at very high excitation intensity.

= At low carrier concentrations, the Auger recombination
rate is very small and negligible for practical purposes.
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Non-radiative Recombination at Surfaces

Band diagram model

» Surfaces are strong perturbation of the periodicity of a crystal
lattice.

= The modified band diagram at a semiconductor surface.
(the addition of electronic states within the forbidden gap)

Chemical point of view

« Atoms at the surface cannot have the same bonding structure
as bulk atoms due to the lack of neighboring atoms.

* Some of the valence orbitals do not form a chemical bond.
=» dangling bonds

» These partially filled electron orbitals are electronic states that
can be located in the forbidden gap.

» This model is based on the strict periodicity of a crystal lattice.
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Surface Q 4 C % >
RSN SR S S S R
(a)
| P-type semiconductor
[ [ L] [) ° &
v F
= u—2 — Surface states
00 O 000 00O O o 5 o v
(e) E § P = Py +Ap(x) = p,
g ﬁé:U 1 = g+ Al
S
E— High } surface recombination velocity A= Gy
o Low —
LTI et
Q
v=0 X
Fig. 2.9. (a) llluminated p-type semiconductor, (b) band diagram, and (c) minority and
majority carrier concentration near the surface assuming unifom carrier generation due to
illumination. The excess carrier concentrations are An and Ap.
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Surface Recombination

Assuming
p-type semiconductor
uniform steady-state generation rate ex) illumination

7, Sexp(-x/L,)

n(x)=n,+A4n(x)=n,+ 4n_| 1

L,+7,S

S surface recombination velocity

X distance from semiconductor surface

L, carrier diffusion length

S
For S50,  n(0)— n,+4n, GaAs | 10°cm/s
For S5 o, n(0) > n, InP | 10%cm/s
Si |10tcm/s

Non-radiative recombination at the surface
- reduced luminescence efficiency & heating of the surface
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Demonstration of Surface Recombination
GalnAs/GaAs
T=300K Substrate
contact
o doum__
Stripe
contact
Substrate
contact
Fig. 2.10. Micrograph of a GalnAs/GaAs structure with a stripe-shaped contact on the top
side and a contact widow at the substrate side of the device under current injection
conditions. The luminescence emanating from the active region located below the stripe
contact clearly decreases in the vicinity of the surface due to surface recombination.
*The luminescence decreases in the near surface region.
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Concentration of Native Defects

* Any semiconductor crystal will have some native defects.

= Even though the concentration of these native defects can be
low, it is never zero.

* E, : energy to create a specific point defect in a crystal lattice

Probability that such a defect indeed forms at a specific lattice site
=exp (- E,/kT)

» Concentration of specific point defects
Ndefect =N exp(— Ea /kT)

N : concentration of lattice sites
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Internal Luminescence Efficiency

* In the 1960’s,

~1 % of the internal luminescence efficiencies (RT)

» At the present time,

> 90 % of the internal luminescence efficiency (RT)

= improved crystal quality
reduced defect and impurity concentration
guantum well structures

T carrier lifetime
R 1 7 -1 | Tag radiative carrier lifetime
— Yrad non-rad Thonrag NON-radiative carrier lifetime
Nint internal quantum efficiency
Internal quantum efficiency
-1
N = Trad relative probability of
e ~* radiative recombination
rad non-rad
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