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FFFN15 Optoelectronics 7,5p

Mats-Erik Pistol and Nicklas Anttu

Lectures:

Week 4. 2x2h: Optical processes & Semiconductor Optics (Ch 16) [NA]
Week 5. 2x2h: Photonic Crystal Optics & Microcavities (Ch 7 & 10) [NA]
Week 6. 2x2h: Semiconductor Photon Sources (Ch 17) [MEP]

Week 7. 2x2h: Semiconductor Photon Detectors (Ch 18 ) [MEP]

Week 8. 2x2h: Mon: Cameras (CCD, CMOQOS, IR..) [MEP]
Thu: Plasmonics (Ch 8.6 & hand-out material)[NA]

Week 9. 2x2h: Mon: Solar Cells (hand-out material) [NA]
Thu: Nano-photonics for Optoelectronic Devices (hand-out material) [NA]

Week 10. 2x2h: Quantum cascade lasers, Modulators and other exotic devices
(Ch 17.4, 20.5 & hand-out material) and repetition [NA & MEP]

Book: Saleh & Teich, "Fundamentals of Photonics”



Recap of previous lecture — Transfer/Scattering matrix

Transfer matrix M — connects left side to right side of optical system
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Scattering matrix S — connects incoming light to outgoing light
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Recap of previous lecture — Bragg
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Figure 7.1-11 Intensity reflectance as a function of frequency for a dielectric Bragg grating made
of N = 10 segments, each of which has two layers of thickness d, = d; and refractive indexes
ny = 1.5 and ny = 3.5. The grating is placed in a medium with matching refractive index n;.
The reflectance is approximately unity within the shaded stop bands centered about multiples of
vy = ¢/2A, where ¢ = ¢,/n and 71 is the mean refractive index.

The Bragg frequency v, (and multiples of it) is such that light reflected at
the interface to next subcell (at distance A) interferes constructively with
the light reflected at the interface to previous subcell.

[See derivation on black board]
Stop bands:

Works as a dielectric mirror.
Benefit over metallic mirrors:

higher optical quality of
resonators

No absorption losses — can give



Recap of previous lecture — Photonic crystals
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Total reflection.

=> Stop bands of Bragg grating
correspond to the band gap of a
photonic crystal consisting of an
infinitely long Bragg grating.

With 3D structures, band gap can open
for all propagation directions:

*Inhibit spontanous emission
*Microcavities if cavity introduced into
crystal



Recap of previous lecture — Fabry-Perot etalon
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Finesse: Quantifies
quality of etalon
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Increasing r; and r,
increases F [Increase v by v; increases k, = 2nv/c, by
2nic/(c,2d)= n/(nd). The phase gathered

: _ during the round trip of length 2d in the
At frequencies where T peaks, constructive : L )
medium of refractive index n increases then

interference within etalon. by 2d*n*n/(nd)=2n

similarly as in a resonant tunneling diode). o .. :
( y 8 ) =>|f constructive interference inside cavity at

frequency v, then constructive interference
also at v+ v.*m, with m an integer.



Photonic Crystal Optics & Microcavities

Previous lecture: Light was incident toward optical elements (Bragg
grating, Fabry-perot etalon)

This lecture: Light originates within the optical element.

Chapter 10 Resonator Optics

10.1 Planar-mirror resonators
A. Resonator modes

10.3 2- and 3-dimensional resonators

A. 2-dimensional rectangular resonators

B. Circular resonators and Whispering-gallery modes
C. 3-dimensional rectangular resonators

10.4 Microresonators

A. Rectangular microresonators

B. Micropillar, microdisc and microtoroid microresonators
C. Microsphere microcavities

D. Photonic crystal microcavities

Additional material: Review article on Optical Microcavities (Vahala, 2003)



Why resonators in opto-electronics?

*Optical filters
eLaser cavities:

Mirror : )
Active medium

/

Partially Laser

’l transmitting oltput

mirror




Simplest case: Parallel mirrors
Resonator modes as standing waves

Situation similar to the Fabry-Perot Etalon if we first assume that the mirrors are lossless.

General wave:
u(r,t) = Re{U(r)exp(j2mvt)}

Gives standing waves as
solution inside resonator:

U(r) = Agsin(kyz)

Boundary conditions U(r) = Oatz =0, and z = d gives k;q =q

i
d
where g is a positive integer (mode number).
An arbitrary wave in the resonator can be written in a superposition of resonator modes:
L : Equal to the free-spectral

U(T) T Zq AQS?,?’?,(ICQZ) range of a FB etalon

. . : __ 4 .C
The associated allowed frequencies is restricted to Vg — Q’ﬂ /

C

which gives us a frequency spacing of the resonator modes of Vg od



Resonator modes as traveling waves (suitable for studying losses during round-trip)

Mirror 1 Mirror 2

Total field U gets contribution
from each round-trip:

U=Uy+U +Us+---

By requiring for constructive
interference a phase-shift of a
multiple of 2t during one round-
trip between the mirrors:

kg =q7%

as when using standing waves above.

U= > U, =

Losses:

Um+1 = hUm ~ ‘ p‘e_mum

losses if |p|<1
[notice: r used in text book for p]
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Broadening of resonance width due to
losses leading to a finite finesse F
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Losses during one round trip:
Mirrors with reflectance R,
and R,<1

" = RR, exp(—2a,d)

When the mirror reflectance R, <1
and/or R,<1, the resonator couples to
the space outside the mirrors (F< oo).
This coupling leads to the broadening
of the resonance width

[Compare to the life-time broadening of
atomic transitions:

When the atomic states couple to the
photon-field to allow for the optical
transition, the transition energy
broadens]



Finesse decrease due to losses

Loss channels:

1) Mirrors of reflectance R, and R,
(one needs to be partially transparent in
laser cavity to let laser light out)
2) Absorption and scattering within
resonator with absorption/loss coefficient a,

L.
od T RR,

O = Qg

Low loss resonator:

i

ard Pages 373-375 from
course book

F =~




Photon lifetime ’Cp and Quality Factor Q

Blackboard entertainment
(Pages 375 — 377 in the course book.)

Photon lifetime in resonator Quality factor

— 1 _ v
Tp_ca,r Q_L’F




Spherical mirrors

Planar mirrors will leak out light at the edges
— this leakage can be reduced with spherical mirrors:

This is commonly used for example in gas lasers.
However usually not in semiconductor laser diodes.

[Details from Chapter 10.2, “Spherical-
mirror resonators”, are not included in
the course.]



1D, 2D, and 3D resonators
Density of modes 1D, 2D, 3D

).‘
M(v)dv : Number of resonator
T ] modes, per unit length/area/volume
—— Mirror of resonator, in a frequency range dv
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Derivation of 2D and 3D left for
exercise sessions.



Whispering gallery resonator

Total internal reflections hold mode within
resonator.

Reduces problem with absorption losses that show
up in metal-mirror resonators.

Dielectric resonator



Microcavities

Photonic
crystal
Microcavity
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Resonators & Microcavities

An optical resonator is characterized by two key parameters:
1. Modal volume (V), which is the volume occupied by the confined mode
2. Quality factor (Q), which is proportional to the storage time in units of optical period.

Examples:
Fabry-Perot Whispering gallery Photonic crystal
o
L
2
T
Q:2,00 Q: 12,000 Quv: 7,000 Q: 13,000
V:i5 (Nn)3 V: 6 (An)3 Qpory: 1.3x10° V: 1.2 (A/n)3
IC
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()
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F: 4.8x10° Q: 8x109
V: 1,690 um? V: 3,000 pm?

Kerry J. Vahala, Nature 424, 839, (2003)



Concluding remarks resonators and microcavities

The optical microcavity can be compared to its acoustic analogue, the tuning fork — both
have size dependent resonance frequencies.

By going to the microscale the small volume ensures that the resonance frequencies are
largely separated.

An ideal cavity can confine light indefinitely (no loss) and its resonance frequency would be
precise.

Deviations from this situation can be described by the cavity Q value (proportional to the
confinement time). The Q value together with the cavity volume (V) to a large extent
summarize the properties of the cavity



Spontaneous emission

In vacuum (or homogenous medium),

spontaneous decay of an electronic excitation can occur into light going in any
direction (that is, into plane waves that propagate in arbitrary direction).

This gives rise to a life time for the decay due to spontanous emission.

In @ microcavity (or resonator), the spontanous emission will instead couple into the
resonator modes (natural modes of the system).
This leads to the Purcell effect:

Purcell effect
“A two level system will decay spontaneously by interaction with a vacuum continuum
at a rate proportional to the spectral density of modes per volume evaluated at the

transition frequency”.

The cavity-enhanced mode density provide a spontaneous emission enhancement
factor (P) due to cavity

3 /A Q
P= 4112(4“?) v

Chapter 13.3E in course book, and
Kerry J. Vahala, Nature 424, 839, (2003)



Applications (Discussed in more detail in coming lectures)

Novel sources as lasers
Micro cavity technology can be used to achieve more efficient and compact laser sources.

Small cavities and high Q valued provide small thresholds for lasing.
Within ultrahigh-Q, small-mode—volume resonators, enormous modal field intensities can be
produced (lower the thresholds)

Strong coupling for quantum electro dynamics (QED) (for quantum information etc.)

“An atom, initially in the excited state of a dipole transition, enters a lossless microcavity of
volume V. A single mode of the cavity, in its ground state, is resonant with the transition. The
atom and ‘vacuum field’ couple, which results in a quantum of energy shifting back and
forth between the atom and the mode at the vacuum Rabi frequency”

Under conditions of strong coupling, weak optical probing near the microcavity resonant

frequency reveals two spectral transmission peaks (where only one existed before) giving the
energies of new eigen states, which are now entangled states of the atom and cavity field.”

Kerry J. Vahala, Nature 424, 839, (2003)



