Semiconductor Diode Detectors
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Conductivity of biased diodes

Forward-biased diode

If T = 300K, kT =26 mv
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Avalanche Photo Diodes, “APD”
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Avalanche Photodiodes, “APD”
ri(t)

Simple model for avalanche current and noise:
JoZj

i photon has gain gze

G= E[ gJo? '} j o907z - ( gOL—1)[LAjunction thickness]
ol

il

Zgo

In practice E[g }/G2 ~ G*; where x = 0.25; (x =0.2-0.5 is typical)

G = 200 + ~6 dB, for typical applications
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Carrier-to-Noise Ratio, “CNR”

for photon detectors
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Photodetector circuit model

12
CNR A (0% /Efi-i] wherei(t)is the signal

current through R, andiis the total current

signal power (W) ~ constant for PMT

. v Vo
i (t)=nPseG/hf 2 =2B(eG)is+D

N shot
Only i./2 flows in R, from R, noise (assume T, << T i 4e):

and (in/2)2R|_ =KTB since R matched to diode R

) B
Therefore 'nthermalRL = 4kTB/R|_
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Carrier-to-Noise Ratio, “CNR”

2
CNR A gf)Z/E[i -i| wherei(t)is the signal
current through R, andiis the total current

signal power (W) ~ constant for PMT
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CNR for constant-G photodiodes, photomultipliers

(np eG,"hf)Z for photo diodes
= ' or PMT with

(2BeGn(Pg +Pp )G /hf +(4KTB/R; ) constant G

~—

CNR =

- )
YT

i2 2
Nshot Nihermal

nP, /hf2B
/ / 2
1+ Py /P, + 2kThf/R nP(eG)

CNR =

For P, = T =0, or P, — oo; ideal quantum limit (denominator equals unity)

In the quantum limit, we want large n and P, and small B
Why not let R, — 0?

Because R, C = t sec; C = detector capacitance = 10-'? (say)
Then R, = 1000 Q for t = 10° (f =150 MHz)

Also, generally:  set T so P, < Py
set R, G? large to contain thermal noise
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CNR for variable-G avalanche photodiodes
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CNR for variable-G avalanche photodiodes

<gz>e2nPS;fPD shot noise
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CNR for variable-G avalanche photodiodes
(nP.eG /hfy
(P, +Py) hf + 4kTB/R,

/

Therefore CNR (APD) =

_ - J
'

irz] thermal

CNR (APD) =

Only change is <gz>/62 ~G", x=0.2-0.5

In general, to maximize APD CNR we want G? large to make
thermal noise negligible, but small so G* is still modest;
_e.g. G*=4is typical
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Infrared Detection

Types of electromagnetic detectors

hf << kT “radio”
hf >> KT “optical,” “visible,” etc.
hf = kT “Infrared”
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Infrared Detection

Bolometers (measure heat)

KI =bias

N Signal power P, raises T,
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Responsivity S of a bolometer

| = bias —
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Thus & -2 R P4 (1— 12 aRj (Rpias >> R)
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Responsivity S of a bolometer

~ITR “T R
S = 5 / |1+ o | T Ty <<T
GT G,T

—0

Thus S — 0 and thermal noise in R, dominates as Ibias_>oo

Thus there is optimum |.... = f[TdR/GtTZ] (near maximum S)
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Bolometer noise sources

1) Can be recombination noise

2) Johnson noise in R, R, (thermal)
3) Phonon noise via G;

4) Photon noise (“radiation noise”)

Recombination Noise

traditional shot noise

- |

carrier creations

carrier recombinations (deaths)
< x 2 shot noise
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Johnson noise

Vjms = VAKTR[vHz 2] [Recall v = 4kTRB)

_ oV

S

Vo

NEP, isanalogous to: AT.,... = rms
) ° MS ov, 6T,
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Johnson noise minimization

Bolometer equivalent circuit for V, ,V,
B

from bias and detector resistors:

Mie®

R

5

VJB

R
RVJ >0 as B > w
out R+RB R

R

Therefore set Rg >> R or Ty, = 0°K and then v, ~mostly from R
ou

Vi, =/4KTpanBR volts rms
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Phonon noise

Approximate intuitive analysis:
P, watts —»
For thermal phonons hf = kT Ng —
<~ ng

Say ni phonons s chip z bath
t

moving right, n, moving left <«—> phonons carry heat

Heat flux P, = k(nRT

chip ~ N Thath )2 KNAT(N=n=n )= GAT

t

Phonon shot noise: NEP = op = kT+/2n =kT,[2G, /k = 2kG,T?

Actually,

|f Gt — 0, NEPGt — 0 but then T rises, so there Is

an optimum G, which can be computed
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Photon shot noise

Thermal radiation contributes photon shot noise
Assume radiation comes from cavity attached to the detector
Cavity has n; photons in mode i at energy E; = hf,

We seek Gr2] for a single mode, i.e. the variance of n

JOEI e KT] \where p(n) = probability of
n photons in each mode with frequency f;

D Is to be determined
This Is “Maxwell-Boltzmann” distribution for thermal equilibrium
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Photon shot noise

p(n)=D e KT \where p(n) = probability of
n photons in each mode with frequency f, is to be determined

This 1s “Maxwell-Boltzmann” distribution for thermal equilibrium

To solve for D let x 2 hf/kT and define SHNIE

—d

SO Sq (X) = ]/(1— e_X)

Since > p(n)=1= > De™ =DeS_
n=0 n=0

If follows that D =1/S, =1-e KT
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Photon shot noise

If follows that D =1/S, =1—e KT

;dsk(x)

then Sk(X)E ane_nx — Sk+1( ):
n=0




Photon shot noise

Optical limit: hf >>kT =n<<1, o, =/n

Radio limit: hf <<kT = n>>1, o =

IR regime: hf=kT =n=z1, o




