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Fig 11.1. Three types of quantum detection based on: (a) band to band transitions which
generate electron—hole pairs, (b) internal photoemission above a potential barrier, and (c)
transition from a bound state to a continuum.
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Fig. 11.2. Spectral dependence of absorption
for a few important semiconductors
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Table 11.1. Values for the recombination lifetimes t, mobilities p, and p,,, 300K
bandgaps, and dielectric constants for important semiconductors

Material t(s) p (cm*V7is™h) u,(cm*V 1s) E,(eV) g,
Si 10 1350 480 1.12 11.8
Ge 102 3900 1900 0.67 16
GaAs 10° 8500 400 1.42 13:2
InAs 1077 33000 460 0.36 14.6
InSb 1 10° 1700 0.18 17.7
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An B d* x D e
RS = (11.7)
- R ) |

recombination :hffumcrn source

The solution to this equation is the sum of a particular
solution including a source term and a general solution

without a source term, 1.e:

—z{L»p z/Lp CET(I}D = :
An(z) = Ae " + Be ' + { o (.:,‘:LD)EE (11.8)
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Surface recombination S (in cms™ ') at z = z, imposed as:

d
SAn|._. =D (d—AH) (11.9)

E=Ep

Ohmic contact, 1.e. an interface where the recombination
of minority carriers is instantaneous
(an ohmic p~ contact on p-type material

imposes a density of minority carriers n given

by np = n?, ie. n ~ 0) such that: An|._. =0 (11.10a)

Space charge region starting at z = z,, 1.e. a region

out of which all carriers are

swept, and again leading to: An|._. =0 (11.10b)

Z=Zp
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Fig. 11.3. Distribution of photogenerated carriers for a photon flux

®, = 10""em =, a diffusion coeflicient of 1 cm?s ™!, a diffusion
length of 10 pm, and an absorption coefficient
of 10*cm ', tor various surface recombination velocities S.
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internal quantum efficiency i, of the detector

_An/t

=1 —e*  (11.14a)
(DD.

i

optical efficiency |5, =1—R.

R = (n, — 1)*/(n, + 1)
n, = 34leadingtoR=03andn,,=1—-R=0.7.

The total efficiency 1 1s

=N =(1—RYl —e™)  (11.14b)
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Fig. 11.5. Geometry for a photoconducting detector.
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Fig. 11.7. Time response for a photoconductor subject to (a) abrupt pulse of illumination, (b)
abrupt cessation of long pulse of illumination, and (¢) sinusoidally varying illumination.
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Fig. 11.9.  1lustrated operation of a photodiode:
l@) band diagram. (b} absorption geometry.

and (c) typical device structure.
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Fig. 11.10. Two operation modes for a photovoltaic detector:
(a) photocurrent mode, and (b) photovoltage mode.
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concentration can only be zero (np” = n7). so that J{0) = 0 and:
J = —q@,(1 — e™¥) (11.35)

This is the electron current that crosses the boundary between the SCR and the
neutral material at z > W,

The contribution of the diffusion current is obtained from the differential
equations (11.3a) or (11.7) which at stationary state admit as a solution expres-
sion (11.8), which we rewrite here as;

arde ™

1 — (aLip)?

An(z) = Ae #le + Besllo 4 e * (11.36)
given that the photon flux at z = W is now only @, *". We may suppose that
the sample is sufficiently thick to assume B = 0. Furthermore, every electron at
z = Wis immediately swept by the electric field imposed by boundary condition
(11.10b) An{ ) = 0 such that:

—ai
ardh e

~a(z-W) _ a—iz—W)La 11.37
T GE DJE{E ¢ ) (11.37)

Anz) =
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The diffusion current density at z = W is given by:

d
Jiier = +gD, —An|_ _ 11.38
diff 4D, n._pw ( )
that is
al Er
S gier = —E?] P ;Lﬂ‘bue 3 (11.39)

For the relatively common condition where ¥ = 1, the contributions made by
J; and J g ((11.35) and (11.39), respectively) are comparable so that neither of
the two terms can be neglected. The total photocurrent is then given by:

E—:Hl"
At Y [ s R— 11.40

ph o u( i T a Lﬂ) ( )
This formula indicates that the low quantum efficiency of the space charge
region e ™" can be regained once the diffusion length becomes large, i.e. what the
space charge region lets through, is recuperated by the diffusion region. Expres-
sion (11.40) can. as in the photoconductor case, be put into the form:

1

or alternatively as:
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Alpm)
PO 1.42
T 24 (1.42)

with a total quantum efficiency n given by:

E—-:H’
n={1 —R}(l _I-I-T) (11.43)
D

This formula is therefore quite similar to (11.18). We note, however, the absence
of photoconductive gain, which is equivalent to saying that the gain ¢ in a
photodiode 1s unity.

Example

In n-type silicon doped 10'® cm ™, the SCR extends across 1 um for a junction
potential }; = 1 V. Figure 11.2 shows an absorption coefficient x = 107 cm ™" at
2eV. The efficiency of the SCR 1 — e ™" is then 64%. On the other hand, the
diffusion length is \_;'[{kﬂ“q]gﬂr} or 500 pm (see Table 11.1), which leads to a
quantum efficiency dominated by the reflectivity (1 — R).
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11.41 Photodiode detectivity

As discussed in Complements 11.A and 11.B, two mechanisms are responsible for
noise in photovoltaic detectors: generation noise (without recombination) i;
(11.A.38) and photon arrival fluctuation noise (11.B.6). Again. we will make the
assumption that the detector noise is not dominated by photon noise (i.e. that the
detector is not in the BLIP regime — see Complement 11.B). The noise due to the
detector itsell is then:

i2 = 2g1 Ay = 2qI_, (1 + e " AT)Ay (11.44)

where I_, is the saturation current of the photodiode. The general idea behind
(11.44) 1s that the “plus’ sign in (11.44) results from the fact that the forward and
reverse contributions cancel out at ¥ = 0, while their respective contributions to
the noise are additive. The signal-to-noise ratio (5/N) is given by:

I _ A in (11.45)
v /241,01 + e )Ay

and the noise equivalent power (NEP) takes the form of:

NEP =

4 VikT
2l (1 + e " HAy
V241 ~ ' (11.46)
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The signal-to-noise ratio (§/N) is given by:

e AP e (11.45)

v /2q1,(1 + e Ay

and the noise equivalent power (NEP) takes the form of:

! V/kT
A 2q1,(1 + e M)Ay (11.46)

NEP =
9

We reintroduce the detectivity D* as it allows us to

get rid of parameters that are not intrinsic to the system:

(1) the area 4, which relates the current [_, to the
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(I

Lat

current density J_, = AJ_). and the flux @, to the incident power P,
(P.,. = A hv): and (ii) the frequency measurement bandwidth Aw;

B S
N -xl'll}rl?'q"r".i&'[l + Egp.llk’r‘]

We insist again on the fact that this time, the detection area and the transport area
are one and the same. The photon and electron fluxes are parallel.

We may think it profitable to bias the diode (V' < 0) to decrease the factor e?"/*7
and increase the photodiode detectivity. This bias, however, often adds additional
noise (peripheral leakage current, . . .} to the detection signal. Under zero applied
bias (¥ = 0),(11.47a) becomes:

D* (11.47a)

i 1
P = (11.47h)
hv/q /aqJ,,
This expression can be written in another form, by noting that:
dj 1
- G S - 5 (11.48)
dVi|,_, R4 kT

where R4 (Qcm?) is the product of the junction resistance with its area such that:
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oo RA
D =Wl [T (11.49)

Photodiode detectivity

Figure 11.11 shows how detectivity D* varies as a function of the product RA at
different temperatures for a detection wavelength of 5 pum (hv = 250 meV) and a
quantum efficiency of 50%,.

This last formula is quite predictive when coupled with the expression for the
current density j_, in a junction (10.B.4), i.e:

: |' ”; ||' N n.,rL o EkT
= «! 11.50
..irsat Lﬂp N q { }

where we recall that D . L, . and 7, are the diffusivity, diffusion length. and lifetime
of the minornty carriers (holes) on the n side of the junction; N, is the doping
concentration; n; is the intrinsic carrier density given in (5.49); E_ is the detector
bandgap: and N_and N_ are the effective state densities in the conduction and
valence bands given in (5.46). Therefore the detectivity outside of the detector’s
BLIP regime varies as e */°*'_ which emphasizes the interest in operating these
detectors at low temperature. We can also use (10.B.3)1f the diode leakage current
1s dominated by generation-recombination occurring at impurity sites.
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Fig. 11.11. Variation in photodiode detectivity at Sum as a

function of RA (a quantum efficiency of 50% is assumed).
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Fig. 11.12. Detectivity as a function of temperature for a p—n InSb photodiode.
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Fig 11.13. Operation of a p-i-n junction.
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\ Fig. 11.14. Operation of an internal emission Schottky photodiode.
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Fig. 11.17.  Energies for bound-to-bound (narrow curves), bound-to-free

(shaded region), and bound-to-quasi-resonant (thick curve) transitions

in GaAs/AlLGa,  As quantum wells.
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Fig. 11 18. Operation of a multiple quantum well detector.
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Fig. 11.19.  Experimental and calculated absorption spectra for a multi-quantum well
detector in a planar waveguide geometry (# = 907). (Courtesy of F. Luc@ THALES.)
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Fig. 11.20. Two models for electron transport across a

multiple quantum well detector: (@) photoconduction model

and (b) photoemission model,
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Fig 11.22.  Single pixel in a multiple quantum well detector array. A grating coupler
redirects normally incident light to increase overlap with allowed intersubband transitions.
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