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Material Gain
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Optical Gain 1n Semiconductors (1)

» For plane wave propagation in a complex medium, with k, the
free space wave vector and n” and n’’ the real and imaginary
part of the refractive index respectively

p = Ko(n’ + jn”)
w 27

KO — =
C A

» The optical gain (loss) for a plane wave propagating in a
semiconductor in the z-direction can be approximated by

1dI y
g=-0=——=2K,n
I dz
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Optical Gain 1n Semiconductors

» The band structure and electron probability
distribution is given by
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Photon Energy and Bandgap

Energy of Photon
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Optical Gain 1n Semiconductors (3)

» Optical gain by stimulated emission for a photon of energy hv
exceeds band to band absorption if
E.-E,zhv=E, -E =E,
» The gain is wavelength dependent with a peak gain that shifts

as a function of carrier density.
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Optical Gain 1n Semiconductors (4)

» The injected carrier density N is determined by the laser current 7, the
recombination rate R(N) and the active region volume V

I =gR(N)V
N 2 3
R(N)=—+ BN~ +CN
TS
N
T, =—
R(N)

where A=N/t, is the linear non-radiative recombination rate, B 1s the

radiative bimolecular (band-to-band) recombination rate and C is the non-
radiative Auger recombination rate

» Note: We will see that while the gain is coupled to the carrier density, the
carrier density is coupled to the photon density and therefore to the gain.
This coupling will lead to nonlinear gain or gain saturation, as will be
discussed later in the carrier rate equations.
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Coupling between Optical Gain and

Phase

» The Kramers-Kronig relations tell us
that changes in the in the imaginary
(Ag) and real parts of the refractive
index (An) are related by

Ag(w )

2
0 w'? —w

rer

An'(w)= .

The coupling between gain and
phase is described by the linewidth
enhancement (or alpha) factor

on' N
P =7 on”
oN
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Figure 2.18 Distribution functions, density-of-states functions, and carrier
distributions (in energy) in an n-type nondegenerate semiconductor.
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Biased p-n Junction Photodiodes
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p-n Junction Equation

p-type n-type

qVias
I'=(I))lexp rar _ 1]

\Y%

bias

[ =1, is the thermal or saturation current that occurs in normal (non-
illuminated) diode operating mode

* q is the electron charge
-V

* K 1s Boltzman’s constant

bias 1S applied bias voltage ( positive = forward, negative=reverse)

* T is temperature (usually in Kelvin, depending on units of Ky )
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Carrier Injection

» In equilibrium, ,
pn=n

l

» Under forward bias,2
pn >>1n;

» Under reverse bias,
2
pn << n
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Carrier Injection

» In equilibrium,

2

pn =n; Ep, =Ep, = Ep
» Under forward bias,
2
pn >>n; E.—E., >0
» Under reverse bias,
2
pn << nl EFn_EFp<O
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Quas1 Fermi Levels
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Quas1 Fermi Levels
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Optical Gain 1n Semiconductors

Gain between two levels depends on:

» Carrier density, i.e. level of inversion
Ry, _ A= 1) _ e(AEf—Ezl kT
R, fi-1)

» Reduced density of states

1 I 1
+

o, P P,

» Transition matrix element IM[?
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Gain : Reduced Density of States

The optical gain is proportional to the reduced
density of state at the transition energy:

g(w) = (f, = f)p,(ho)

The reduced density of states:
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Gain : Stramned QW

Compressive strain increases the energy gap
between the heavy hole and the light hole

subbands. This means fewer carriers in light hole
band.
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L.A. Coldren and S.W. Corzine, “Diode Lasers and Photonic Integrated Circuit”, Wiley (1995)
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Double Heterostructure Lasers (Kroemer)

» Carriers diffuse away so it is difficult to get high
gain

» A method of confining the carriers to a region in
space 1S necessary

» Double heterostructure (proposed in 1964 but not
implemented until 1968, which led to the first cw
lasers).

++
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Gain : Doping

p-doping in the active region increases the
differential gain, at the expense of increased

threshold current density
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Rate Equations

Neglecting the phase of the optical field, the length
dependence of the carrier and photon densities, and the
modal dependence; the rate equations for the averaged
photon and carrier densities become:

ds Fvga(N—NW)S_ S . BN
dt 1+&S T T

P n

Eﬂ?iqlf 1+ &S T

n
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