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-Photodetectors



Topics to be covered

 Photodetectors
* PIN photodiode
e Avalanche Photodiode
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4. Photodetector

d Convert an optical signal into an electrical signal

®» Photodetectors made of semiconductor materials absorb
incident photons and produces electrons

= Jf electric field imposed on photodector an electric
current (photocurrent) is produced = photodiode
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4. Photodetector

 Basic requirements of a photodetector
= Sensitivity at the required wavelength
= Efficient conversion of photons to electrons
® Fast response to operate at high frequencies
= | ow noise for reduced errors
» Sufficient area for efficient coupling to optical fiber
= High reliability
= | ow cost



Photodetectors
Principle of the p-n junction Photodiode

-1 Operation of a p-i-n photodiode.
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(b) Energy band diagram under reverse bias.

(a) Cross-section view of a p-i-n photodiode.
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(c) Carrier absorption characteristics.



Photodetectors
Principle of the p-n junction Photodiode

Contact ring

L A generic photodiode.
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Photodetectors

Principle of the p-n junction Photodiode
|

O Variation of photon flux with distance.

Frx) 5 physical diagram showing the depletion region.

» A plot of the the flux as a function of distance.

|
Fyi J : > Thereis aloss due to Fresnel reflection at the surface,
Fix = )N : followed by the decaying exponential l1oss due to absorption.

» The photon penetration depth x, is defined as the depth at
which the photon flux is reduced to e of its surface value.
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Photodetectors
Absorption Coefficient and Photodiode Materials

O Absorbed Photon create Electron-Hole Pair.

ﬂ.[ m]_ 1.24 Cut-off wavelength vs.
g LU= Eg[EV] Energy bandgap

O Incident photons become absorbed as they travel in the
semiconductor and light intensity decays exponentially
with distance into the semiconductor.

Absorption coefficient




Absorption Coefficient

<— Photon energy (eV)
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Absorption Coefficient

» Direct bandgap semiconductors
(GaAs, InAs, InP, GaShb, InGaAs,
GaAsSDh), the photon absorption
does not require assistant from
lattice vibrations. The photon is
absorbed and the electron is
excited directly from the VB to
CB without a change in its k-
vector (crystal momentum hk),
since photon momentum is very

all. 7k = photon momentum ~ 0

(a) GaAs (Direct bandgap)

Absorption coefficient a for direct bandgap semiconductors rise sharply with
decreasing wavelength from A, (GaAs and InP).
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Absorption Coefficient

 Indirect bandgap
semiconductors (Si and Ge),
the photon absorption
requires assistant from
lattice vibrations (phonon). If Photon
K is wave vector of lattice
wave, then hK represents
the momentum associated
with lattice vibration - hK is

Achopen mARABHMAbmentum = 4K

Thus the probability of photon absorption is not as high as in a direct
transition and the A is not as sharp as for direct bandgap semiconductors.

Indirect Bandgap, Eg

]
s

Phonon

> k

(b) Si (Indirect bandgap)
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Photodetectors
Absorption Coefficient and Photodiode Materials

Photon absorption in Photon absorption in
a direct bandgap semiconductor.  anindirect bandgap semiconductor
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Photodetectors *
Quantum Efficiency and Responsivity

U External Quantum Efficiency

Number of EHP geberated and collected

= Number of incidnet photons

U Responsivity

3 Photocurrent (A) 3
Incident Optical Power (W)

e e
R=n—=n hi Spectral Responsivity




S0,

The pin Photodiode
Electrode

Electrode

 The pn junction photodiode has P
two drawbacks: %—}
o Depletion layer capacitance is not i-Si

sufficiently small to allow (a)
photodetection at high modulation %—

frequencies (RC time constant Pret
limitation). Ny A |

> Narrow SCL (at most a few microns)

- long wavelengths incident photons ®) 2
are absorbed outside SCL - low QE “
» The pin photodiode can Ny -|-H

significantly reduce these |
bﬁ@@]@lﬁqgr_ has less doping and wider region (5 — 50 pm).
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Photodetectors
The pin Photodiode

L Reverse-biased p-i-n photodiode Q1 pin energy-band diagram

Reverse bias

voltage | |
| Photogenerated |
, | electron |
D I n Band gap E, p | |
Depletion layer Load | I
resistor ' |
Optical _— @ @ = | ! Conduction band

power 9 @ —_— : \ P
Electron Carrier drift Hole Photon __ § é |

diffusion diffusion =L | Photogenerated | '

otogenera

I hole l

| alenc

- w j=—Depletion region—| Valence band

Q pin photodiode circuit ——i o
Bias voltage R; § Load
resistor
Photodiode Output

p i n s 1

Hole Electron o

@*——t%@
fhv

Photon




Photodetectors
The pin Photodiode

O Schematic diagram of pin photodiode

. In contrast to pn junction
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» Small depletion layer capacitance gives high modulation frequencies.

» High Quantum efficiency.




Photodetectors
The pin Photodiode

» Areverse biased pin photodiode is illuminated with a short wavelength
photon that is absorbed very near the surface.

» The photogenerated electron has to diffuse to the depletion region
where it is sweptinto the i- layer and drifted across.
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Photodetectors
The pin Photodiode

p-i-n diode

(a) The structure;

(b) equilibrium energy band diagram;

(c) energy band diagram under reverse bias.
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Photodetectors
Avalanche Photodiode (APD)

U Impactionization processes
resulting avalanche multiplication
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Avalanche regiginn energy excites VB electron to the CV.



Photodetectors
Avalanche Photodiode (APD)

0 Schematic diagram of typical Si APD.
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> Breakdown voltage around periphery is higher and avalanche is
confined more to illuminated region (n*p junction).



Photodetectors
Heterojunction Photodiode
Separate Absorption and Multiplication (SAM) APD

InGaAs-InP heterostructure Separate Absorption and Multiplication APD
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Photodetectors
Heterojunction Photodiode
Separate Absorption and Multiplication (SAM) APD

(a) Energy band diagram for a SAM
heterojunction APD where there is
a valence band step AE, from
InGaAs to InP that slows hole
entry into the InP layer.

(b) An interposing grading layer
(InGaAsP) with an intermediate
bandgap breaks AE, and makes it
easier for the hole to pass to the InP

layer.




Photogenerated electron concentration

A exp(—ax)attime t=0




