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Avalanche multiplicationAvalanche multiplication
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Ionization coefficientsIonization coefficients  α, βα, β
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APD GainAPD Gain

din /dx = αin+βip ,              dip /dx = - (αin+βip)

with:  in (0) = Iph ,    in (L)= I,     ip(L) = 0

then, d2in/dx2=(α−β)din/dx,

in=[C1/(α−β)]exp(α−β)x+C2,   βip=-[βC1/(α−β)]exp(α−β)x-αC2.

                    (α - β)  exp(α - β)L
 M =      
           α - β exp(α - β)L

special cases: for β<< α:  M = exp αL,

                      for β= α:    M = 1/(1- αL)
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APD gainAPD gain vs vs  ααLL
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Frequency responseFrequency response
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3-dB3-dB cutoff frequency cutoff frequency

f 2d ≅ 0.36 /τd    (M<<Mo),     f2d M ≅ 0.36(α/β)/τd        (M>Mo)

Mo=α/β is
the optimal

gain
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DeltaDelta response response
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noisenoise

 relative variance of output charge for 1 pair at x=0:

σM
2(0)/Mc

2(0) = 1+β Mc(0)/(α−β)-αMc
2(L)/Mc(0)(α−β)

                       = 1+Mc(0){β/(α−β)-[α/(α−β)] exp-2(α−β)L}

f or moderate gains Mc:

             σM
2(0)/Mc

2(0) ≈ 1                  for  Mc(0)<α/β

               ≈ Mc(0)β/α      f or   Mc(0)>α/β

once again, Mo=α/β is the optimal gain. Noise current:

σI
2
 = 2eB Iph (M2+σM

2) = 2eB Iph M2 F

F = 1+σM
2/M2
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NoiseNoise figure figure
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Optimum gain andOptimum gain and beyond beyond

σI
2
 = 2eB (Iph+Io) M2 F+4kTB/R

σin
2
 = 2eB (Iph+Io) F + 4kTB/RM2

but, S=Iph ,  N2 = σin
2
 ,  and F= Mβ/α

(S/N)2 = Iph
2 / [2eB(Iph+Io) Mβ/α + 4kTB/RM2]

S/N  is maximum at a Mmax found as:

Mmax= [(α/β)(4kT/e) /R(Iph+I o)]1/3

f or instance, for R=50Ω, Iph+Io=1nA and α/β=1: Mmax=125

practical limit for M: bandwidth  decreasing by Mβ/α at M>α/β
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APDAPD desirable structure desirable structure
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two regions desirable, to separate :

•photon dissipation in  L1(≈ 1/α) and the carrier drift   (medium Ed)

• multiplication in L of  most eff icient ionizing carrier     (high Em)
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APDAPD structures structures
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StaircaseStaircase APD APD
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APDAPD Biasing Biasing and and Use Requisites Use Requisites
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SPADSPAD
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in quiescent conditions, V bb>V∞ , M=∞

a single charge-pair makes I increase fast up to Vak=Vbb-RI < V ∞ ;
then M returns to a finite value

Max. photon rate: FM<τrec= RoC;   dark rate: Fb=J0A/q

Dynamic range: FM/Fb=103 typ.


