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LED EMISSION

b

Spectral output is Temporal response is
broad ~kgT’ limited by spontaneous
emission

Imgrovemcnts

Use stimulated emission
to enhance e-h
recombination rates

Use an optical cavity to
enhance emission 0%

certain photon states

Figure 10.1: A schematic description of how the LED performance can be improved by exploit-
ing an optical cavity.
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No Photons Spontaneous Emission

T Conduction Band

—

Valence Band

(a)

Stimulated Emission

Conduction Band

A Coherent
Photons g i hw = Emission
hw A 0

% Valence Band

(b)

Figure 10.2: (a) In spontaneous emission, the e-h pair recombines in the absence of any photons
present to emit a photon. (b) In simulated emission, an e-k pair recombines in the presence of
photons of the correct energy hw to emit coherent photons. In coherent emission the phase of
the photons emitted is the same as the phase of the photons causing the emission.
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Roughened
Surfaces

Output
Cladding Region —>» Light
Active Region ———>» £
Cladding Region
< >
Optically flat and polished
parallel faces x
()
Polished Face Polished Face
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(b)

Active Region .  Confined optical wave
/
|
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Dielectric Constant
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(©

Figure 10.3: (a) A typical laser structure showing the cavity and the mirrors used to confine
photons. The active region can be quite simple as in the case of double heterostructure lasers
or quite complicated as in the case of quantum well lasers. (b) The stationary states of the
cavity. The mirrors are responsible for these resonant states. (c¢) The variation in dielectric
constant is responsible for the optical confinement. The structure for the optical cavity shown
in this figure is called the Fabry-Perot cavity.
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APPENDIX E. OPTICAL WAVES IN WAVEGUIDES AND CRYSTALS

*

E]

AL, 2 Ga, o As

QaAl

Region | #

:

Refractive Index

Figure E.1: A planer waveguide in which the refractive index (dielectric constant) varies in the
z-direction.
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E.1. GUIDED OPTICAL MODES ...

) ) .
k k 5
“ O () - ¥
| Radius = (n 2. 3)" (Ezaé)
R,l=3.590
nyy=3.385
A, =09 pm
.0
fg
o
28

(b)

Figure E.2: (a) The graphical approach to solving for the allowed modes in a waveguide. (b)
Typical solutions for the waveguide modes.
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APPENDIX E. OPTICAL WAVES IN WAVEGUIDES AND CRYSTALS

o

ng = 3.590
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Fignre E.3: Optical confinement factor as a function of waveguide thickness.
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Figure 10.4: Gain vs. photon energy curves for a variety of carrier injections for GaAs at 300 K.
The electron and hole injections are the same. The injected carrier densities are increased in

steps of 0.25 x 10'® cm™ from the lowest value shown.
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r; - Amplitude reflected at the semiconductor - air boundary
t7 : Amplitude transmitted at the semiconductor + air boundary
ro : Amplitude reflected at the semiconductor - air boundary
t5 : Amplitude transmitted at the semiconductor + air boundary

tIFinc

(b)

Fi=nkFy F3=AF; Fs=rF3 A = Amplitude gain
Fr=rFg, Fq=1F3; Fg=AFs

Figure 10.5: (a) A schematic of the Fabry-Perot cavity showing the reflectance and transmit
tance of waves. (b) The path of a light wave as it moves through the cavity.
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Figure 10.6: The light output as a function of current injection in a semiconductor laser. Above
threshold, the presence of a high photon density causes stimulated emission to dominate.
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Figure 10.7: (a) The laser below threshold. The gain is less than the cavity loss and the light
emission is broad as in an LED. (b) The laser at threshold. A few modes start to dominate
the emission spectrum. (c) The laser above threshold. The gain spectrum does not change but,
due to the stimulated emission, a dominant mode takes over the light emission.
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Figure 10.8: The spectral output of a quantum well laser as a function of injected current.
Results are for a 50 AGaAs/Alo.s Gao.7As laser with threshold current density of 560 A/cm?,
(After Y. Lam, Loehr, and Singh, IEEE J. Quant. Electron., QE-28, 1248 (1992).)
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Figure 10.9: A typical dependence of photon density and electron (hole) density in a Fabry-Perot

laser. The results are shown for an 80 A GaAs/Aly.3Gao 7 As quantum well laser. (Courtesy of
Y. Lam).
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Figure 10.10: The dependence of the peak mode wavelength on the injected current density for
a Fabry-Perot laser. (After Y. Lam, J. Loehr, and J. Singh, IEEE J. Quant. Electron., QE-28,

1248 (1992).)
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Figure 10.11: Approaches used to fabricate advanced semiconductor lasers. Question marks are
placed after approaches where considerable technological challenges remain and whose merit is
not yet established.
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Fig. 3.12. Density of states (ppqg), Fermi-Dirac distribution function (f) and
carrier concentration (n) as a function of energy for a 3D, 2D, and 1D system.
The shaded areas represent the total carrier concentration in the conduction band.
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Jp-Threshold Current Density (Alem?)
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Active Region Thickness dj, (Lm)

0.1

Figure 10.12: Dependence of threshold current in double heterostructure lasers on width of the
active region. The threshold current density decreases with the active layer thickness because
the 2-dimensional sheet charge density of the injected charge needed for the threshold condition

decreases inversely with the active layer thickness. At very small active layer thicknesses d S
50 A, the threshold current density increases because the optical wave confinement factor goes
towards zero so that the cavity gain is almost zero.
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T— y Active quantum well for lasing
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Figure 10.13: A typical quantum well laser structure for low threshold lasers. The density of
states in the 2D quantum well allows one to achieve the condition for inversion of bands at a
lower injection density. This results in a lower threshold current. A cladding layer with a high
bandgap surrounds the quantum well so that the optical wave is confined as much as possible

near the quantum well to get a high confinement factor.
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(a) 3D ®) 2D () 1D

Fig. 3.5. Constant energy surfaces of a (a) 3-dimensional, (b) 2-dimensional, and
(c) 1-dimensional system. The surfaces are a sphere, a circle, and a point for 3D,
j " 2D, and 1D systems, respectively.
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Fig. 3.6. Electronic density of states of semiconductors with 3, 2, 1, and 0
degrees of freedom for electron propagation. Systems with 2, 1, and 0 degrees of
freedom are referred to as quantum wells, quantum wires, and quantum boxes,

respectively.

Table 3.1. Density of states for semiconductor with 3, 2, 1, and 0 degrees of frecedom for propagation of
electrons. mdlspersionreladomareassmedwbeparabolic nefommla:canbeapplledtoanlwwuplc
semiconductors if the effective mass m® is replaced by the density-of-states effective mass mpos. If the
semiconductor has a number of M. equivalent minima, the corresponding density of states must be multiplied
by M.. The bottom of the band is denoted as Ec and 6(E) is the step-function.
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Figure 10.14: Fermi levels and carrier occupation in quantum well lasers.

we can make the approximation that the LH subband is not occupied and obtain an
analytical expression for Ep in terms of p just as we have done for the electron subband.
Otherwise, to obtain Ep, from p we need to do an iterative calculation which is quite

straightforward.
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3.3. PARTICLE IN A QUANTUM WELL

A
v Vo
0 Il
e A

Figure 3.6: A quantum well of width 2a and infinite barrier height or barrier height V5.
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CHAPTER 3. PARTICLES IN SIMPLE POTENTIALS

) m) B
i (9‘2—W) cot(%w—) = :;ﬂ’.‘

Figure 3.7: (a) The graphical approach to solving for the allowed modes in a finite quan-
tum well. (b) Typical solutions for the particle wavefunctions.
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CHAPTER 3. PARTICLES IN SIMPLE POTENTIALS

ENERGY VERSUS

POSITION IN A Conduction band
QUANTUM WELL quantum well
STRUCTURE oo 0o

[
! Valence band
! quantum well
o0 oo
FORTION ¢~
Figure 3.8: Schematic of a quantum well and the sub-band levels. Note that in a semi-
conductor quantum well, one has a quantum well for the conduction band and one for the

valance band. Sub-bands are produced in the conduction band and the valence band. In
the infinite barrier model, the barriers are chosen to have an infinite potential, as shown.



3.3. PARTICLE IN A QUANTUM WELL

Parabolic two-
dimensional sub-bands

E.hzkz"'Ez
2m*

E=£kz +E,
2m*

N(E)

E; Ep
E——>

Figure 3.9: Schematic of a quantum well and the subband levels. In the z-y plane the
subbands can be represented by parabolas. Note that in a semiconductor quantum well,
one has a quantum well for the conduction band and one for the valance band. Subbands
are produced in the conduction band and the valence band.
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3.3. PARTICLE IN A QUANTUM WELL

#
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Figure 3.10: A schematic of the density of states in a 3D, quasi-2D, quasi-1D, and quasi-
0D system.
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Adjusting bandgap to reach a

Up to 150 meV variation in

certain emission wavelength

Reduction in hole masses to

bandgap can be achieved

Hole mass can be reduced by up

achieve lower threshold current
lasing

Strain can allow laser emission to

to a factor of 3 by using strain

By using appropriate strain, one

have tailored polarization

Reduction in Auger rates

can have TE, TM, or
unpolarized light

Reduced hole masses can result

Improved laser reliability

in lower Auger rates

Built-in strain may suppress

defect migration into the active
region

Figure 10.15: Some of the important advantages that can be achieved by incorporating strain
in quantum well lasers. The issues of lower Auger recombination and laser reliability are still
being researched.






