
Detection of Light: Exercise 4
Set: Thurs 23rd Feb 2017,
Due: Thurs 9th Mar 2017

Questions: wilby@strw.leidenuniv.nl

1 Detector Noise [4 marks]

a i) The Noise-Equivalent Power (NEP) is defined as “The signal power yielding an RMS signal-to-noise ratio
of unity for a frequency bandwidth of 1Hz”. From this, derive an expression for NEP as a function of only

the RMS noise current
√
〈IN 2〉 (in Amps), sensitivity S and frequency bandwidth ∆f .

ii) Hence show that for a system where 1/f noise sources may be neglected, the total system NEP is given by
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[2 marks]

b Consider now our intrinsic detector from Ex.3, operated under the same conditions (φ = 105γ/s, texp = 0.5s,
take η = 0.44, G = 0.73, R = 2.2× 108Ω). Calculate:

i) The critical temperature beyond which the detector must be cooled, in order to obtain photon-limited
performance, and

iii) The NEP in this limit, and hence the maximum signal-to-noise ratio attainable with this detector for the
source and exposure time in question.

[2 marks]

2 Thermal excitation of extrinsic photoconductors [6 marks]

By analogy with intrinsic semiconductors, it can be shown that the concentration of negative carriers in a doped
n-type semiconductor is given by:
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where ND and NA are the concentrations of donors and acceptor respectively, δ is the ground state degeneracy of
the donor impurity (very close to unity) and Ei is in this case not the gap energy but the ionization energy for the
n-type impurity. Similarly, for p-type materials:
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where it has been assumed that Ei >> kT .

a Consider a Si:B material. Is this a n-type, or p-type material? Use the value of the cutoff wavelength λc from
Fig. 1 to calculate the ionization energy of the impurity atoms (in meV).

[1 mark]
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Figure 1: Properties of some extrinsic photoconductors.

b Use Fig. 1 to calculate the linear absorption coefficient of a silicon crystal doped with 1013 cm−3 boron atoms
(Assume that the photoionization cross-section does not significantly change with energy). How does this
compare to the absorption coefficient of intrinsic Si from Ex.3? What would be a natural solution to improve
the quantum efficiency of the extrinsic photoconductor?

[1 mark]

c It is very hard to obtain a pure intrinsic material. Even at high purity levels obtained in the laboratory, boron
impurities are very difficult to remove from the Si crystal. Typical concentrations of boron are of the order of
1013 cm−3.

i) Using the above equations and your results from Ex.2, derive an expression for the ratio of intrinsic and
extrinsic contributions to the dark current (Iext/Iint) in a cooled Si:B extrinsic photoconductor, in terms of
the dopant density (NA or ND) and the number densities in the conduction/valence band (Nc or Nv) as
appropriate, as well as Eg, Ei, µn and µp.

(You may assume that the minority impurity concentration of the extrinsic detector is zero and that δ = 1.)

ii) Calculate an order-of-magnitude estimate of this ratio for T=77K and T=293K, and comment on the
meaning of both its absolute value and temperature dependence. Which excitation mode is the dominant
contributor to the dark current in our temperature range of interest?

(Take the values of Nc, Nv, µn and µp to be those of intrinsic Si from Ex.2 and Ex.3 respectively, and that
the temperature dependence of µn and µp are equal.)

iii) Besides further cooling the detector, suggest another way in which the dark current of impure Si:B might be
reduced (and hence the photoconductor response made more intrinsic), if the concentration of Boron dopants
cannot be reduced further.

[4 marks]
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