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Tutorial – 11 

 

A) We can calculate the quantum efficiency of the detector as the product of the probabilities of not being 

reflected at the surface, and of being absorbed in the depletion region, thus, we can write: 

𝜼𝑫 = (𝟏 − 𝑹) ∙ 𝒆
−

𝒘𝑵
𝑳𝟎 ∙ (𝟏 − 𝒆

−
𝒘𝑫
𝑳𝟎 ) ≅ (𝟏 − 𝑹) ∙ (𝟏 − 𝒆

−
𝒘𝑫
𝑳𝟎 ) ≅ 𝟎. 𝟕𝟔 

From the quantum efficiency, we can derive the radiant sensitivity: 

𝑺𝑫 = 𝜼𝑫 ∙
𝝀[𝝁𝒎]

𝟏. 𝟐𝟒
≅ 𝟎. 𝟒𝟗 

Let’s consider a continuous wave operation with 𝑷 = 𝟏 𝒎𝑾, we have both a white and a 𝟏/𝒇 noise, we can use 

a chopper/shutter to modulate the signal, with a CDF with two sampling windows, of width 𝑻𝑭 and 𝑻𝑮. 

To maximize the effect on the 1/𝑓 we choose 𝑻𝑮 = 𝑻𝑭, the 𝟏/𝒇 noise it: 

𝝈𝟏/𝒇 = √𝟐. 𝟏 ∙ 𝑺𝑰 ∙ 𝒇𝑪 𝐥𝐧(𝟑) ≅ 𝟏𝟓. 𝟐 𝒑𝑨 

To keep the white noise negligible with respect to the 𝟏/𝒇 we can write: 

𝝈𝒘 = √𝟐𝑺𝑰

𝟏

𝟐𝑻𝑮
= √

𝑺𝑰

𝑻𝑮
=

√𝟐. 𝟏 ∙ 𝑺𝑰 ∙ 𝒇𝑪 𝐥𝐧(𝟑)

𝟏𝟎
→ 𝑻𝑮 =

𝟏𝟎𝟎

𝟐. 𝟏 ∙ 𝒇𝑪 𝐥𝐧(𝟑)
≅ 𝟒𝟑𝟎 𝒎𝒔 → 𝝈𝒘 = √

𝑺𝑰

𝑻𝑮
≅ 𝟏. 𝟓 𝒑𝑨 

The minimum measurable current (and thus the total noise) is equal to: 

𝑰𝑷,𝒎𝒊𝒏 = 𝝈𝒊 = √
𝑺𝑰

𝑻𝑮
+ 𝟐. 𝟏 ∙ 𝑺𝑰 ∙ 𝒇𝑪 𝐥𝐧(𝟑) ≅ 𝟏𝟓. 𝟑 𝒑𝑨 

The minimum measurable optical power is: 

𝑷𝑷,𝒎𝒊𝒏 =
𝑰𝑷,𝒎𝒊𝒏

𝑺𝑫
≅ 𝟑𝟎. 𝟓 𝒑𝑾 

Let’s now consider a modulated wave operation with 𝑷 = 𝟎. 𝟏 𝒎𝑾, in this case the 𝟏/𝒇 noise can be neglected 

as we are way beyond the corner frequency, using a LIA with a square-wave reference and an LPF with a cut-off 

frequency 𝒇𝑳 = 𝟏𝟎 𝑯𝒛, we obtain: 

𝑰𝑷,𝒎𝒊𝒏 = 𝝈𝒊 = √𝟐√𝑺𝑰

𝝅

𝟐
𝒇𝑳 ≅ 𝟓. 𝟔 𝒑𝑨 

The minimum measurable optical power is: 

𝑷𝑷,𝒎𝒊𝒏 =
𝑰𝑷,𝒎𝒊𝒏

𝑺𝑫
≅ 𝟏𝟏. 𝟒 𝒑𝑾 
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B) For the first case (constant wave operation), the minimum measurable transparency is given by the ratio 

between the minimum optical power measurable by the sensor and the power that arrives on the sample (half 

the power of the laser due to the presence of the chopper): 

𝑻𝒎𝒊𝒏 =
𝑷𝒎𝒊𝒏

𝑷𝑺
=

𝑷𝒎𝒊𝒏

𝑷𝑳𝒂𝒔𝒆𝒓
≅ 𝟑. 𝟎𝟓 ∙ 𝟏𝟎−𝟖 

For the second case (modulated wave operation) we have instead that he minimum measurable transparency is 

given by the ratio between the minimum optical power measurable by the sensor and the power that arrives on 

the sample (average power of the sinusoidal wave): 

𝑻𝒎𝒊𝒏 =
𝑷𝒎𝒊𝒏

𝑷𝑺
=

𝑷𝒎𝒊𝒏

𝑷𝑳𝒂𝒔𝒆𝒓,𝒔𝒊𝒏
≅ 𝟏𝟏𝟒 ∙ 𝟏𝟎−𝟗 
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A) The radiant sensitivity of a photodetector is defined as the ratio between the current emitted by the sensor and 

the optic power, can be expressed as a function of the quantum efficiency: 

𝑺𝑫 =
𝑰𝑷

𝑷𝑷
=

𝒏𝒆𝒒𝒆

𝒏𝑷𝑬𝑷
=

𝒏𝒆𝒒𝒆

𝒏𝑷𝑬𝑷
=

𝒏𝒆

𝒏𝒑
∙

𝒒𝒆

𝒉𝝂
= 𝜼𝑫 ∙

𝒒𝒆𝝀

𝒉𝒄
= 𝜼𝑫 ∙

𝝀[𝝁𝒎]

𝟏. 𝟐𝟒
 

Considering a PIN photodiode with 𝑾𝒏 = 𝟏𝟎𝟎 𝒏𝒎, and 𝑾𝑫 = 𝟏𝟎 𝝁𝒎 at 𝝀 = 𝟓𝟎𝟎 𝒏𝒎, and a reflective 

coefficient 𝑹 = 𝟎. 𝟐, we obtain: 

𝜼𝑫 = (𝟏 − 𝑹)𝒆
−

𝒘𝑵
𝑳𝟎 (𝟏 − 𝒆

𝒘𝑫
𝑳𝟎 ) ≅ 𝟎. 𝟕𝟐 

Obtaining a sensitivity of: 

𝑺𝑫 = 𝜼𝑫 ∙
𝝀[𝝁𝒎]

𝟏. 𝟐𝟒
≅ 𝟎. 𝟐𝟗

𝑨

𝑾
 

Considering instead a classic PMT with an S20 profile (𝜼𝑫 ≅ 𝟎. 𝟐) we obtain: 

𝑺𝑫 = 𝜼𝑫 ∙
𝝀[𝝁𝒎]

𝟏. 𝟐𝟒
≅ 𝟎. 𝟎𝟖

𝑨

𝑾
 

 

B) The NEP is defined as the minimum optical power measurable by the photodetector, so: 

𝑵𝑬𝑷 = 𝑷𝑷,𝒎𝒊𝒏 =
𝑰𝑷,𝒎𝒊𝒏

𝑺𝑫
=

𝝈𝒊

𝑺𝑫
=

√𝟐𝒒𝒆𝑱𝒃𝑨𝑫∆𝒇

𝑺𝑫
 

The detectivity is a parameter obtained removing the influence of the area and the bandwidth from the NEP: 

𝑫∗ =
√𝑨𝑫∆𝒇

𝑵𝑬𝑷
=

𝑺𝑫

√𝟐𝒒𝒆𝑱𝒃
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C) Let’s consider a reading circuit made by a resistor and an OPAMP in buffer configuration, let’s say the resistance 

has a value of 𝟓𝟎 𝛀 (e.g. a coaxial cable), and the OPAMP has √𝑺𝑰 = 𝟐 𝒑𝑨/√𝑯𝒛 and √𝑺𝑽 = 𝟏𝟎 𝒏𝑽/√𝑯𝒛, 

finally, we assume a duration of the experiment equal to 𝑻 = 𝟓 𝒏𝒔. 

Given the PMT’s output is a current signal, we can convert the input referred voltage noise into a current noise: 

√𝑺𝑽

𝑹𝑳
= 𝟐𝟎𝟎

𝒑𝑨

√𝑯𝒛
  

The current noise introduced by the resistor is: 

√
𝟒𝒌𝑩𝑻

𝑹𝑳
≅ 𝟏𝟖

𝒑𝑨

√𝑯𝒛
 

Referring the noise to the input of the PMT, we obtain the following SNR: 

𝑺𝑵𝑹 =
𝒊𝑺

√(
𝑺𝑽

𝑮𝟐𝑹𝑳
𝟐 + 𝟐𝒒𝒆(𝒊𝑺 + 𝑰𝑫)) ∙

𝟏
𝟐𝑻

 

Considering a single-photon input, and neglecting the shot noise contribute, we have (assuming a safety margin 

of 𝑺𝑵𝑹 > 𝟑): 

𝒊𝑺 =
𝒒𝒆

𝑻
→  𝑺𝑵𝑹 = 𝑮𝑹𝑳

𝒒𝒆

√𝑺𝑽 ∙
𝑻
𝟐

> 𝟑 → 𝑮 >
𝟏

𝑹𝑳𝒒𝒆

√𝑺𝑽 ∙
𝑻

𝟐
= 𝟏𝟖𝟕 𝟓𝟎𝟎 = 𝟏. 𝟖𝟕 ∙ 𝟏𝟎𝟓 

To check the hypothesis made we must verify that: 

𝟐𝒒𝒆(𝒊𝑺 + 𝑰𝑫) ≪
𝑺𝑽

𝑮𝟐𝑹𝑳
𝟐

→ 𝒊𝒔 + 𝑰𝑫 ≪
𝑺𝑽

𝟐𝒒𝒆𝑮𝟐𝑹𝑳
𝟐

≅ 𝟑. 𝟓𝟓 𝒑𝑨 

Considering instead a digital approach (single photon counting), we have that we can approximate the SER of the 

PMT as a triangle, we obtain that: 

𝒒𝒆 ∙ 𝑮 =
𝑰𝒑𝒆𝒂𝒌 ∙ 𝑻𝑺𝑬𝑹

𝟐
 

Assuming a width of the Single Electron Response equal to 𝑻𝑺𝑬𝑹 = 𝑻 = 𝟓 𝒏𝒔, to preserve the shape of the signal 

we need a bandwidth of: 

𝝉 =
𝑻𝑺𝑬𝑹

𝟐
→ 𝑩𝑾 = 𝟏𝟎 ∙

𝟏

𝝉
≅ 𝟒 𝑮𝑯𝒛 

Giving us a noise equal to: 

𝝈𝒊 = √
𝑺𝑽

𝑹𝑳
𝟐

∙
𝝅

𝟐
𝑩𝑾 ≅ 𝟏𝟓. 𝟕 𝝁𝑨 

To keep a reliable system, 𝑰𝒑𝒆𝒂𝒌 must be at least equal to 𝟑𝝈𝒊: 

𝑰𝒑𝒆𝒂𝒌 > 𝟑𝝈𝒊 →
𝟐𝒒𝒆𝑮

𝑻𝑺𝑬𝑹
> 𝟑𝝈𝒊 → 𝑮 >

𝟑𝝈𝒊𝑻𝑺𝑬𝑹

𝟐𝒒𝒆
= 𝟕𝟑𝟔 𝟎𝟎𝟎 = 𝟕. 𝟑𝟔 ∙ 𝟏𝟎𝟓 

 

 


