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Lecture 13 Outline

e Laser behavior at and above threshold
e Powerin lasers

* Measurements



Rate Equation — DH Laser structure
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Gain from Carrier Injection — DH Laser structure
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Solve for the carrier concentration n from either



Gain from Carrier Injection
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Increasing
current injection
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For a bulk semiconductor gain is approximately linear with carrier density n

g (H) = g’(n — Hrr) g =— | differential gain

For a QW laser the empirical relationship is logarithmic.



Lasing Threshold

Intensity grows as Power coefficient
I(z)=1(0)e" % -
Electric field grows as Factor % because it s Field coefficient
Fg 4 )/Jrrﬂ__

E(z) = E(0)e

I" = confinement factor (fraction of power confined to active region)

a; = intrinsic loss due to absorption inside the guide | &; =&, (1 —F) +a,l

For laser action we need the E-field to reproduce itself after
1 round trip in the resonant cavity.
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This requires the amplitude and the phase to match up. In
some cases (e.g., metal mirrors) ; and , may be complex.




Round-trip Condition (Amplitude)
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Round-trip Condition (Phase)
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Condition for lasing

1. Threshold Condition: Modal Gain equals Loss

—— > TIg,=a +a, where a S N
2L RR,

2. Round trip phase 1s zero:

——— > arg(nn)+2k.L=2mx

Contributions to a; can be scattering loss, free carrier
absorption, defects.




When threshold condition is reached, gain and carrier
concentration are pinned at their threshold values.

Assuming ¢(n)=g’(n-n,)
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With further increase of current density
above threshold

d d
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pinned at n;;, above threshold
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Above threshold and steady-state

Photon density S — 77i (J — J th )
q d Vo Eih

Photon lifetime Ty 1
— =, (o, +a,)= v,I'g,

Ly

T,, accounts for loss rate of phonons in laser cavity, due to
absorptions and transmissions at the end facets

Total number of S . U;F

photons leaving the

cavity per second T » q d
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The carrier density clamps at threshold
causing the gain to clamp also

/ th /
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Confinement factor in Double heterostructure

In a symmetric dielectric slab waveguide, we can define a
normalized wave guide thickness (it has the same expression as
what is called the normalized frequency V in optical wave

guides)
2T
V = K_Od \/n% — Tl%

An approximate relation for the confinement factor is

VZ

I =
24+ V2

(Appendix A3 of Corzine, Coldren and Masanovi¢)
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Threshold density N4,

For linear gain dependence with density we had

o ,_ dg
g(n)=g¢'(n-n,) g'=—"

If we can measure a total loss per pass “y” such that

differential gain
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we can determine the threshold density from
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Power In Laser



Since

Light Output Intensity
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Output power (uW)
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External Quantum Efficiency

_dPyye/dl Am In(1/R)
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Plotting ;! versus L gives a line with a y-intercept of n;

The slope divided by the y-ntercept 1s
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External Quantum Efficiency
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Leakage Current

Current spread may let carrier flow in regions where stimulated emission is weaker.
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Leakage Current
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Leakage Current
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Temperature Dependence

Laser threshold and efficiency vary with temperature
since g(hw), Auger recombination, and other
processes are temperature dependent

T T1p(T) L Me(T)

[rh (T) — {COHStant} QﬂTD — Iﬂ: (Tﬂ ) Q(T_Ta)frﬂ
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Temperature Dependence
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Saturation of Laser Output Power

Possible causes are:

* increasing leakage current
. . In continuous wave (CW) regime
* Junction heatmg there is typically a maximum

* Increasing internal absorption a; [POWer fnax(T) \
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Measured I-V curve — Mode hopping
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ASE Behavior below threshold
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ASE Behavior below threshold
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Saturation of Laser Output Power

P, =1V Pout = Pin Mwp

hw  an
Pout B q + ooy nl(l o Ith)

wp =7p IV

Power conversion efficiency is high in lasers when compared to other light emitter,
but it typically does not exceed 60%. The power which is not converted into light is
dissipated as heat, which needs to be removed by a heatsink.

The heatsink is characterized by a thermal resistance Rt

AT
Pi _Pout

AT = RT(Pm — Pout) — RT(l o an)PiTl

AT = laser overheating

RT:
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Improving P,,, 4«

To decrease overheating AT
* Develop better heatsink and laser mounting to reduce Ry
* Improve laser “wall-plug efficiency”

* Reduce voltage drop across heterostructure

* Reduce internal loss a;

* Increase injection efficiency n;

* Reduce threshold current I,

To decrease temperature sensitivity

* Suppress carrier leakage which affects external quantum
efficiency

* Minimize non-radiative recombination which reduces the
concentration at threshold
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Improving P,,, 4«

Laser substrate is thick and has high thermal resistance. High
power lasers are mounted upside down with the p-layer in
contact with the heatsink.

p-cladding ~1 -2 um

active layer ~ 1 um

n-cladding ~1—2 um
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Improving P,,, 4«

The thermal resistance is inversely proportional to the cavity
length. For high power operation, a long cavity is better as
long as laser efficiency is not affected too much.

B 11 1 B (4%
am—ﬁn R,R, ne—nlai_l_am
'L la, ln.

As mirror losses are lower with increasing cavity length, the
relative role of internal loss increases. This causes quantum

efficiency to drop.



Internal loss a;

Much of the internal loss is due to free carrier absorption.
Transitions between HH and SH valence bands, known as
“intervalence band absorption” are an important component.

The main contribution to net internal loss is absorption in
highly doped cladding regions.

The confinement factor is somewhat reduced in a broadened
waveguide but losses in the cladding regions are greatly
reduced, leading to a reduced threshold current density.

Efficiency of the broadened waveguide is less sensitive to
cavity length, so this structure is suitable for power
applications, increasing maximum CW power.
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Broadened waveguide
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Minimize threshold current to increase power output

h  ay

P, =ni I —1
out mw ai+am( th)

Ith = Iy + ljpss

To minimize I,
e Reduce number of quantum wells to a minimum

e Compressive strain in QW reduces difference in effective
mass between C and HH bands

To minimize I,

e Compressive strain in QW reduces difference in effective
masses and increases differential gain

36



Minimize threshold current to increase power output

HH

me K Mpp
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me = Mpup
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