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Final
• Final: Tuesday, June 10 12-3y,
• 1 two sided 8.5 x 11” crib sheet
• Material:

– Kasip, chapters 1-6
– Lecture notes

• Problems:
– Photodetectors+ Photovoltaics
– VCSEL
– Lasers

i l fib– Optical fibers

• Review session: Friday, June 6 at 10-12 at 
ESB 1001



Types of Photodetectors
• Photoelectric detectors

– Photovoltaic (PIN)
Ph t d ti– Photoconductive

– Avalanche photodetector (APD)
– Phototransistor

• Photoemission detectors
– Vacuum photodiode

Photomultiplier– Photomultiplier
• Thermal detectors

– Bolometer
– Thermocouple
– Pyroelectric

• Weak interaction DetectorsWeak interaction Detectors
– Photon drag



Definitions

• Quantum efficiency η: Ratio of the number of electrons 
collected to the number of photons incident.

• Responsivity: current out divided by optical power 
incident
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Absorption
Direct gap in semiconductors: α~1/μm
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Direct gap in semiconductors: α 1/μm
Indirect gap in semiconductors a~0.01/μm
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• Photoelectric detectors Gain?
– Photovoltaic (PIN) No
– Photoconductive Yes
– Avalanche photodetector (APD) Yes
– Phototransistor Yes
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Photodetector Classifications
• Illumination

– Surface normal
• Top illuminated
• Substrate illuminated

– Surface perpendicular
• Edge absorbing detectors

W id d t t• Waveguide detectors
• Traveling wave photodetectors

Contacts• Contacts
– Metal (MSM photodetectors)

i d– Semiconductor









PIN Impulse Response?



PIN Impulse Response?

L
evevj hhee σσ +

=

Displacement current flows That is what is measuredDisplacement current flows.  That is what is measured 
in an external circuit, not conduction current.









Avalanche Photodiodes (APDs)
α Rate at which electrons multiply
β Rate at which holes multiplyβ Rate at which holes multiply

• A large ratio of α/β or β/α results in a large gain g β β g g
bandwidth product and low noise amplification.  
True for Si
M III V h ll i d li i d i• Most III-Vs have a small ratio, and limited gain 
bandwidth product.  The noise is larger, but still 
lower than a PIN receiver.lower than a PIN receiver.



Ionization Coefficients for Semiconductors
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Si: P.P. Webb, "Measurements of Ionization Coefficients in

Silicon at Low Electric Fields", GE Canada Inc.

InP: L.W. Cook, et. al., Appl Phys Lett 40(7) , 1 April 19821
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InP: L.W. Cook, et. al., Appl. Phys. Lett. 40(7) , 1 April 1982

InGaAs: T.P. Pearsall, Appl. Phys. Lett. 36(3), 1 February 1980

GaAs: H.D. Law and C.A. Lee, Solid-State Electronics, 21, 1978
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The Avalanche Multiplication Process
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The Avalanche Multiplication Process

+
- - -

- -

-+
- -

++

-
+

-
-

-+

-
-

+

P+ N+ ++

-
+

-
-

P+ N+

+
+
+

Si Multiplication Layer

++

-
+

-
-Si Multiplication Layer
+

InP Multiplication Layer







SAM APDS:
Need for Separate Absorption and Multiplication Regions

Small bandgap avalanche regions tend to have 
large dark current.
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El t i Fi ld Si l ti f SHIPElectric Field Simulation for SHIP 
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Gain and Dark Current vs. Bias. 23 µm diameter SHIP
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SHIP Detector 3 dB Bandwidth versus gainSHIP Detector 3-dB Bandwidth versus gain

10

h 
[G

H
z] 315 GHz GB

1an
dw

id
th

3 
dB

 B
a

0.1
1 10 100 1000

G iGain



Comparison of Acheivable GB Productp
for SHIP, SL, and InP APDs 
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Staircase APD: Use of bandgap engineering to increase the ratio
of ionization coefficients.



Sensitivity and Noise

• Responsivity: R=I/P (current/input power)
• NEP (noise equivalent power)NEP (noise equivalent power)

– NEP=g/R 
NEP is the input power that gives unity signal– NEP is the input power that gives unity signal 
to noise ratio

– Smaller NEP is better– Smaller NEP is better



Detectivity
• Detectivity: D=1/NEP
• Larger detectivity is better
• Noise is proportional to bandwidth and detector area.
• A better metric is to normalize out bandwidth and area: D*
• Analysis below is for a dark current limited noise current.
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D**
• Detectors with a narrower field of view have lower noise.
• Define field of view by the numerical aperature NA  
• A better metric compensates for this
• D** (D double star)
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