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The Geometrical Extent

SOURCE OPTICAL SYSTEM IMA&SE
EMTRAMCE
APERTURE EXIT APERTLURE
Ay A
Aglle = ALy
Where:
Ag = Source area
Aj = lmage area
ilg = =olid angle subtended at the source by the

entrance aperture of the optical system
(i = Solid angle subtended at the image by the
exit aperture.
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Power Throughput

Source Spectral Radiance L (W-m2-sr!-nm1)
Aperture A (m?)

Solid angle Q (sr) = TeNA?

Transmittance T

Geometrical Extent G = AQ2

Flux across element ® = TGL
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Gaussian Beam Distribution
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0 (2)

2
(1) = Ioexp[— 2r j

Power enclosed within
circle of radius r:

(O P
P(oo)_l exp{ 2@2}
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Beam Waist and Divergence

) 2
7T
T R(z)=z|1+| =2
w % irradiance surface ., .ec7m=se" ' /IZ
E - FLIp | —
'|.t'... ____..--“"'_."\-'J B 7] 1/2
T e Az
W o(2) = ag| 1+ —
T
For large z:
Az w A
R(z)=z ()= —— 0=—=
10h Z 10h
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Beam Focusing

Spot diameter
o2 a
7TW\ens 7 NA

20)0 :2

Example
=10 mm, 2m,,,,=5 mm, A=1.55 pm,

spot diameter=3.9 um
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Time Domain — Frequency Domain

35
Bandwidth

Rise time =
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Responsivity and Quantum Efficiency

' —_— * R(A) = Amps / Incident Watt
- | et TN 1 Z| *Q(A) = e /Incident Photon
AT :
E I o ]
E 01 = ff - \_ 1o E q
A RESPOMSNITY = —
= p E R h Q
I [[! o v
I Tl

| Rsramars |

R
WAVELEMGTH (nm)
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Photodiode Biasing

* Reverse bias improves time response and linearity
* Reverse bias induces “dark” current, which then leads
to excess shot noise
» Unbiased operation requires small load resistance
for linearity, but then requires amplification for
adequate signal amplitude
* In practice, transimpedance amplifiers are used:
« 10° — 108 for low level detection
* 10%-10° for high speed operation
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Photovoltaic Operation
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Photoconductive Operation
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Noise Sources

Thermal noise: |y, = 4kgTB
R
Shot noise: | ehot = qu“ o+ 14)B
1/f noise: Thermally 10nized traps, miscellaneous effects

Readout noise:  Electronic circuitry associated with arrays
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Noise Specifications

Noise Equivalent Power , NEP (W/Hz *):
The optical power required to generate a signal equal
to the noise level.
Depends on wavelength and frequency.

Normalized Detectivity, D* (cm-Hz 2-W 1) :
D-A 12 -B "2/ NEP
Figure of merit to compare detector materials
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Signal Averaging

SNR,t

= ./Number of samples
SNR;. v P

» Time-integrated signal: what “DC” instruments measure
« Example: Optical power meters with adjustable integration time
* Drift in experiment limits amount of averaging possible

(ambient temperature drift, sample degradation...)
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AC Techniques
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Lock-in Amplifiers

Line filter amp PSD amp output filter
S1g 1n 4/%—{ }—/% —
| |
. ]
Trig in
Line Sensitivity Phase  Dynamic Time
Filters Reserve  Constant
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Diffraction Gratings

MONCCHROMATIC
LIGHT

. . A
sinf +sinfy =m—
d

M=-2

e Ruled gratings: up to 1200 lines/mm (a = 0.83 um)
* Holographic gratings: 1200-3600 lines/mm
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Resolution

iy o . db fm
mcar 1sper810n. dl 2.COS ed
Slit-limited resolution: A= S1tWidth.
linear dispersion

1 -3 times pixel width

Pixel-limited resolution: AA =

linear dispersion
, A W(sind; +sindy)
Resolving Power: R=-"= ' d
esolving Power Y P

Aberration-limited resolution: coma ~ NA3
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Free Spectral Range

WHITE LIGHT

M=
SHORTEST WAVELERMSGTH
TRAMSMITTELD. {~1&0 nm
m=1 FORKOSTSYSTEMS.)

INCREASING WAVELEMGTHS
260 nm, 151 ORDER

m=-2
AND
180 nm, 2nd ORODER
ORDERS OVERLAF, UMLESS A

SHORT WaVE CUT-OFF FILTER
1= INSERTED IM BEAM

* Spectra from different diffraction orders can overlap
 Use optical filters to narrow spectral range to single order

* Order 0 has no dispersion: useful for alignment
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Fabry Perot Interferometer

multiple reflections in air space

100
Fy
4] a0 [\ ﬂ ﬂ
o 5 B0
L ¥ — P HM
i {{f z 10 finesse =
yﬂ__ﬁ — R E FSR
e ,,,<> = 60 FWVHM
—— il z 0
B —— FSR —
,F-=:<:>W-r E 40 I "
Hff,_ﬁc(';) - = 10
. ~ ¥,
e . ;ﬁ(highreflectance E 20
low-absorbance
— 1. — mirrors m (m-+1) (m-+2)
optical thickness FRINGE ORDER

> 1-R A
Ady /s = F
Y27 2ml R onl
 Vary gap width to scan resonant wavelength

« Cascade 2" FPI or grating monochromator for higher FSR
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Terminology

Radiometric Spectral Photometric
Power Spectral Density Luminous Flux
(Watts) (Watts-nm-!) (Lumens)

Irradiance Spectral Irradiance [1luminance
(W-m2) (W-m2-nm-1) (Lux=Lumens-m)
Radiant Intensity Spectral Intensity Luminous Intensity
(W-srh) (W-srl-nm) (Candela=Lumens-sr!)
Radiance Luminance
(W-m2-sr'!) (nit=Lumens-m2 —sr!)
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Normalized Eye Response
1924 CIE Spectral Luminous Efficiency Function

I ! | ' I ' | ! |
1.0 - =

0.8 |— =)

0.6 - =]

V(L)

0.4 |- .

0.2 |- —

00 | I R L
400 500 600 700 800

WAVELENGTH (nm)

Luminance = (683Lumens /Watt)j Radiance(1)eV (4 )4
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e Gamut = range of colors

e This display does not show
full CIE 1931 gamut

e Various standards shown

e Various others proposed

]
y
sRGB uses ITU-R BT.709 primaries
0.9 Red Green Blue White [
x 084 030 045 0.3127
0.8 25 0 y 033 060 006 0.3290
’ 535 AdobeRGB(98) uses Red and Blue ||
54“545 like sSRGB and Green like NTSC
07 550 CIE-RGB are the primaries for color ||
555 matching tests: 700/546.1/435.8nm
560
0.6 oo
570
575
0.5 sRGB 5T
585
5
0.4 595
00
Sl
8° 820
0.3 aE
700
Wavelengths in nm
0.2
Purple line
0.1
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 x 1.0
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Plankian Locus 1n (u’,v’) Diagram

520 530 540 5

\ .
03 |
48011n\i
02— \ -
: I CIE 1976
- 470 I‘N 1 #', v' uniform
(] — / | chromaticity
460 nm\ diagram
[ I 421[?43?\11E 4‘20]1ﬁ1 |

I N T N T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

u' - chromaticity coordinate

a

]

v’ - chromaticity coordinate

Fig. 18.4. CIE 1976 (i, V')
uniform chromaticity dia-
gram calculated using the
CIE 1931 2° standard ob-
server and planckian lo-
cus.
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v’ - chromaticity coordinate

Color Difterence 1n (u’,v’)

520 530 540
0.6 —[—=550
510n

- a

~Planckian locus
— Chromatici

of object — |

Fig. 19.6. Chromaticity differ-
ence resulting from the illumi-
nation of an object with a ref-
erence and a test light source.
In the CIE 1976 «', v' uniform
chromaticity diagram, the
color difference is directly
proportional to the geometric
distance. The reference light
source 1s located on the
planckian locus at the corre-
lated color temperature of the
test light source.

www. LightEmitting .org

A Reforo . When illuminated with
soonnk — lish source / 1 refence hgtsource 680nm
L vl i
=i h;l‘est ' " Chromaticity of o ject:
490n [EEHE SOMER when illuminated with
Ch__ = test light source
romatlr.:lty ¥ | '
. difference L _ f |
480nm
0.2 I m—
CIE 1976
- 470 nm ', v' uniform
0.1 , _ chromaticity
' 460 nm ; diagram
5 450 | ——
240 nniy/ 420nm
0.0 ] L | | L | ] | ] |
0.0 0.1 0.2 0.3 0.4 0.5 0.6
u'- chromaticity coordinate
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Spring 2010

Polarizers

 Birefringent
* Polarization- dependent refractive index
e Redirects one polarization component

e Dichroic
e Polarization-dependent absorption

e Absorbs one polarization component

Mat 288S Optoelectronic
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Birefringent P({arizers

E, undergoes total internal "
reflection, E; does not. N‘ E

Glan Taylor Polarizer

21d prism straightens beam —H—

£=1 i;'L:-r

x s Y A=A
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Reflection Pa@zers

Brewster’s angle: R /=0

Dielectric stack

Polarizing beamsplitter cube

—
«
o

M
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Spring 2010

Dichroic Polarizers

-

* Oriented molecules or nanoparticles

» Absorption depends on field direction

« Example: polaroid lenses
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Maximum / Minimum Transmission Through Pair

Extinction Ratio

Glan-Laser

100,000:1
Glan-Thompson

10,000:1
Polarcor®

Broadband Beamsplitter Cubes

Extinction ratio measured with
pair of polarizers aligned for
max. then min. transmission

Malus’ Law:

1000:1

500:1 oo 00 9]
Laser-Line Beamsplitter Cubes

[ =1,cos%6

where 0 1s angle between polarizers

200 400 600 800 1000
Wavelength (nm)

Spring 2010

1200

1400

1600
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Eawadass Jgolator Operation
B }@/” Forward direction:
N
@ * Input polarizer selects linear component

 Faraday rotator rotates E field 45°

* Output polarizer oriented to pass 45° beam

Reverse direction:
* Output polarizer selects linear component

 Faraday rotator adds additional 45°

e Input polarizer blocks backward transmission
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Measurements



Isolator Pertormance

v 1550 I —wouiss ——% TaumEI g qne * Faraday rotation is dispersive
P . 0 s
" JiX vss . | » Tune via magnetic field
@ =
= 35 Pl 028000 0l 8200 TSI el Yl atereli oot J0926 2 :
= ] o / SENEE z | » Compensate with quartz plate
= 304 / N 0.924
=} S
25 0.922
" Zad 0.920
1500 1520 1540 1560 1580 1600
Wavlength {(nm)
Max Insertion Return
tem= Wavelength® Power Isolation Loss PDL PER" Loss Fiber
250 - 300 mW Polarization-Independent Fiber Isolators
ID-H-1064 1064 +20/-4 nm 250 m =33 dB° 14-20dB =020 dB - =55 dB HI10E0
D-H-1310 1310215 nm 300 s 35-40dB 03-07dB =0.1 dB - =55 dB =hF-28e
ID-H-1550 1550 £ 15 nm 300 s 35-40dB 03-07dB =0.1 dB - =55 dB =hF-28e
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Snell’s Law and Fresnel
Equa - (i )_ ncos () — ncos ()

ncos () + neos (P)
E, ncos (@) —ncos (D)
- ( k. ) . ncos (@) + ncos (@)

( 2nlcos ( (ﬁl )

nsin (®) = nsin (P)

[‘““r-

2nlcos ( d'-"l )

) ncos (@) + ncos ((Dl)

t‘*-"r-

ncos ((Dl) + ncos (D)

* Govern magnitude and phase of reflection or transmission
e Complex: magnitude and phase
“plane of incidence” defined by incident and reflected beams

“p-polarization” in the plane of incidence; ““s- or n-pol” 1s L

Spring 2010 Mat 288S Optoelectronic
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Fresnel Equations Graphed

n;=1.0, n,=2.0 n; =20, n,=1.0
100 : 100
|
By |
& w4 —R 3 w4 —R 54
?i-_' P A : g E
e B —
8 g 3
E 60 % : 1) - =
g ol -
L+ |
E |
5 W4 ! 40 | Range of toral
é I | internal reflection
| 1
] I ]
B 04 ! 20+ ':
i jl
| I
I i
] — 1 ©r T 1 T T r 1 b i ——— - T - T *r T
O 10 20 3 40 S0 60 TO B0 90 0 10 0 30 40 S0 60 70
Angle of incidence 6; (%) Angle of incidence 8; (%)
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Ellipsometry

[’ '\ Complex reflectance ratio, p

Polarizer Rotating

analyzer p=—L2=tan(¥)exp(iA)

|

e [lluminate with linear polarization at an angle to surface
e Choose angle of incidence and polarization for max sensitivity

e Measure ellipticity of reflected beam, then calculate p
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Model Fitting

* In general, p cannot be inverted to obtain optical constants

* Build model and fit to data

Spring 2010

Mim > . E ][ g’mﬂ

Results_>
I'I-l (rrmllf & A \Woollam co.. ine

Figure 10 Flowchart for ellipsometry data analysis,
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Common Material Models

o B B . .
n(4) =A+-=+-7 e Cauchy: Purely empirical, diverges at short A

‘;--r

AA? 32 . . .
e, = U:’_’;) e Sellmeir: K-K consistent, but diverges at band edge
2
AE,

e Lorentz Oscillator: Some physical basis and
reasonable response above band edge

€1.0ffset T E2 — E2 —iBE
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Thickness Sensitivitv

04 T 180
o7t : “_, — @ 150
E D h [ = [T & 1 ?D
ém 5} § "
i j B0
DafF 0

0 i i i F 2 n i

;;’m 400 B0 800 1000 200 400 B0K) B0 1000
Wavelength (nm) Wavelength (nm)
Power Reflectivity Phase, A

* A can be measured precisely, and is sensitive to small film changes

e Measures thickness to 0.1nm; n to 0.005; k to 1E-3 (a~250 cm1)
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