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Infrared Passbands

Infrared 

passbands are 

determined by 

the windows of 

transparency of 

the atmosphere.
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Infrared ranges and IR detectors

 The infrared region is divided into three wavelength ranges:

 the near-infrared (NIR): 0.7-5 m

 the mid-infrared (MIR): 5-30 m

 the far infrared (FIR): 30-1000 m

 Many of the detectors considered above have some infrared 

sensitivity, especially out to 1 m.

 At longer wavelengths other types of detectors are needed.
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Infrared Array detectors (1)

 Infrared semiconductor detectors cannot be made out of silicon any 
more as the band gap is too large: the band gap of silicon is 1.1 eV
and the critical wavelength is 1.1 microns.  Radiation of longer 
wavelength cannot excite electrons from the valence band to the 
conduction band in silicon. Materials with smaller band gaps and 
longer critical wavelengths should be used.

 Germanium can be used at the shortest wavelengths, but Indium 
Antimonide and Mercury Cadmium Telluride are more widely used.

 People have tried making CCDs out of Indium Antimonide, 
but the yield is too small.
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Infrared Array detectors (2)

 There are two main types of IR detectors:

 The photoconductor for the NIR and MIR and somewhat into the FIR. Typical 

IR detectors are classified as photovoltaic or photoconductive, according to 

whether they register photons by generating a current of electrons or merely 

by changing their resistance.

 The bolometers for the FIR
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Photovoltaic detectors

 Single pixel infra-red detectors have long used the photovoltaic effect. 

 Detectors are made of semiconductors and rely on the excitation of 
electrons from an energy band in which they are immobile to the  
conduction band, where they are free to move about. 

 p-n junction generates an internal electric field to separate the photon 
generated electron-hole pairs.

 Migration of holes and electrons changes the electric field, hence there 
is a voltage change across the junction which can be measured.
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Photoconductive Cells

 Exhibit a change in conductivity with the intensity of their illumination.

 The mechanism is the absorption of the radiation by the electrons in 

the valence band of a semiconductor and their consequent elevation to 

the conduction band.

 The conductivity increases with increasing illumination, and is monitored 

by a small bias current.

 There is a cut-off point determined the minimum energy required to 

excite a valence electron over the band gap (also correct for 

photovoltaic detectors).
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Infrared Detectors: limitations
301

 The smaller the bandgap, the more likely electrons are to enter the 

conduction band unwanted, by thermal excitation. It is therefore 

necessary to cool these longer-wavelength detectors more than the 

shorter-wavelength ones. 

 The longer wavelength the colder the required temperature:

 in the NIR – 77 K (liquid nitrogen);

 in the MIR – 4 K (liquid helium);

 in the FIR – down to 100 mK are used.



Hybrid Arrays (1)

 Modern IR arrays are hybrid arrays, 
formed of a sandwich of three layers.

 Top layer (assuming radiation is 
coming down) is an Indium Antimonide 
or Mercury Cadmiun Telluride, doped 
to act as a photovoltaic detector.

 Bottom layer is a silicon multiplexer 
(amplifier), which can be constructed 
using conventional Si-based 
techniques, but more often an array 
of tiny MOSFET (Metal Oxide 
Semiconductor Field effect Transistor) 
amplifiers used.
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 The two parts are joined electrically 

with one connection for each pixel.



Hybrid Arrays (2)

 In between two layers are Indium 

bump bonds providing an electrical 

connection between locations on the IR 

detector and the elements of the 

silicon multiplexer. Indium is a good 

conductor which is soft even at low 

temperature, so the device does not 

crack when cooled.

 Gaps between the indium bonds are 

filled with epoxy resin to provide 

mechanical stability.
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Infrared arrays (1)

 Indium Antimonide and Mercury Cadmium Telluride arrays are 

available in 1024 square formats, maybe 2048 square.

 Quantum efficiency 60% - 80%

 Noise 40 electrons/pixel

 Cost ~ €300,000 per array!
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Infrared arrays (2)

2048×2048

1024×1024

256×256

Original 

64×64
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Bolometers (1)

 Bolometers operate on a different principle from the detectors 

discussed before.

 Rather than individual photons creating free charge carriers, photons 

are absorbed and thermalized, and the resulting energy is sensed. 

 This approach yields very high performance detectors for the 

submillimeter and millimeter spectral regions.
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Bolometers (2)

 Photons incident on the absorber raise its temperature, causing a sensitive 

thermometer attached to it to change resistance, producing a signal that can be 

amplified to achieve a detection.

 Bolometers must be operated at low temperatures to suppress thermal noise that 

arises as a result of thermodynamic fluctuations in the flow of energy across the 

thermal link.
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Components of a Bolometer

 Absorber with heat capacity C

 Thermometer with resistance R, which is 
usually some device whose resistance 
changes as a function of temperature

 Heat sink held at fixed temperature T0

 “Weak Link” – small thermal conductance 
G between absorber and heat sink.

 Load resistor RL

 Constant current power supply. 
generating bias current I

 Device to measure voltage changes
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Noise Equivalent Power (NEP)

 The Noise Equivalent Power (NEP) is a measure of the sensitivity of the 

bolometer, and is defined as the power absorbed which produces a 

signal-to-noise of unity at the output.

 Units are Watts/Hz0.5
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Components of the Bolometer NEP

 Johnson noise – due to the random motions of the electrons in the 
thermometer:

NEPJ
2 = 4 k T R / S2

where S is the responsively of the device, and gives the output 
power per unit input voltage, in Volts per Watt.
k is Boltzmann's constant

 Phonon noise – due to quantization of the phonons which transport 
energy between the absorber and the heat sink along the thermal 
conductance G.

NEPP
2 = 4 k T2 G
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Components of the Bolometer NEP

 Johnson noise:

NEPJ
2 = 4 k T R / S2

 Phonon noise:

NEPP
2 = 4 k T2 G

So to minimize the detector noise we need 

to minimize R, T, G and maximize S.
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Components of the Bolometer NEP

 However, the time constant of the system is:

  = C / G

 If the time constant is long then time variability of the background 

dominates over the noise sources, so the choice of G is a tradeoff 

between lowering the NEP and the response time.

 Temperature coefficient of resistance is given by:

α = (T/R)(dR/dT)

The responsively of the device depends upon α. For a typical 

semiconductor bolometer α  5 – 10.
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Semiconductor bolometers

 Most bolometers incorporate a semiconductor resistance thermometer, and a metal 

coated dielectric as the absorber.
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Bolometer Arrays
314



Precision of photometric measurements315



Physical limitations on the precision of photometric 

measurements (1)

What we get out of our detectors?

Have we taken enough data?

How much longer should we observe?

The important quantity that compares the level of a desired signal to the 
level of background noise is 

the Output Signal-to-Noise Ratio (S/N)
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Physical limitations on the precision of photometric 

measurements (2)

 Let’s consider a stationary source of light (a star) with an average photon 
flux at the detector of N* photons per second. 

 The intensity of a source will produce the average number of photons, 
but the actual number collected will be more than, equal to, or less than 
the average, and their distribution about that average will be a Poisson 
distribution.

 The “counts” accumulated in a CCD pixel (or similar detectors) have 
a Poisson distribution.
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Physical limitations on the precision of photometric 

measurements (3)

 The standard deviation of the photon noise is equal to 

the square root of the average number of photons (Poisson statistics). 

The Input Signal-to-Noise Ratio is then

𝑆/𝑁 =
𝑁∗

𝑁∗
= 𝑁∗

where N* is the average number of photons collected. 

 When N* is very large, the signal-to-noise ratio is very large as well. 

It can be seen that photon noise becomes more important when the 

number of photons collected is small.

318



 In the absence of sky background and readout noise it would 

be simple to calculate S/N, we would integrate for some time, 

detect some 10000 photons, and have a signal to noise ratio 

of 100 or so. 

 So, if we ignore the sky background it’s a simple calculation, 

but we can’t.
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Physical limitations on the precision of photometric 
measurements (4)



Sky and readout noise can be significant.
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Physical limitations on the precision of photometric 

measurements (5)



 In dark sky at a dark site (no moon, no reflected street light), 

the magnitude of a 1 arcsecond patch of sky in the V band is 

approximately Vsky=21.5 mag.

Thus, every square arcsecond of sky gives:

Ssky = 2.5×10-3 photons / (cm2 arcsec2 second)
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Physical limitations on the precision of photometric 

measurements (6)



Physical limitations on the precision of photometric 

measurements (7)

 To calculate the Output Signal-To-Noise Ratio of an observation we need to know 
the signal, and all sources of noise. These are:

 Photon noise (shot noise) from the signal;

 Photon noise from the sky background under the signal;

 Photon noise from the sky background measurement to be subtracted off; 

 Readout noise from all sources;

 Fixed pattern noise;

 Bias noise;

 Dark current noise.
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A case study of simple aperture photometry (1)

 We observe a star on a CCD detector, 
and process the data in the simplest 
way possible. 

 An area centred on the star is defined 
to be the object area and 
is large enough to contain all 
the photons from that star.

 An equal area some distance away, 
which is found to be free of stars, is 
defined as the sky background area 
(sky aperture), and the sky 
background is measured from that. 
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 We will make some assumptions:

 We have eliminated fixed pattern noise by dividing the 

image by a normalised long exposure of a uniform 

light source, this is called a flat field.
We will discuss it later in the course.

 Bias noise and dark current noise are negligible, as this 

is a cryogenically cooled, buried channel CCD. 
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A case study of simple aperture photometry (2)



Aperture photometry

 There are a number of parameters we need to take into 
account to calculate the signal which reaches the detector:

 t – exposure time

 β – angular size of a source (defined by the seeing)

 D – diameter of the telescope

 Ssky [photons / (cm2 arcsec2 second)] – brightness of the sky

 η – quantum efficiency of a detector (QE)

 f* [photons / (cm2 second)] – the source flux to be measured
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Signal calculation (1)

 We start from the number of photons incident from this star, 
from the sky, and from the star + the sky:
 A ~ D2 is the telescope collecting area [cm2]

 Β ~ β2 is the source area on the sky [arcsec2]

 n*  η D2 t f* – an average number of photons from the source 

 nsky  η D2 t β2 S – an average number of photons from the sky 

 n*+sky  η D2 t (f* +β
2 S)  – an average number of photons from 

the source and the sky 
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Signal calculation (2)

 That is without the Readout noise and other detector noises. 
If we want to take them into account – we must add 
Nd=nd t to the right side of equations.

 There is also a geometric efficiency factor as part of the 
aperture of the telescope is blocked by the secondary mirror.
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For a while, we will not take these factors into account.



Noise on the measurements

 Noise on the measurements  is given by the square root of the 

number of photons:

σ *+sky = 𝑛∗+𝑠𝑘𝑦

n*  n*+sky – nsky

σ* = 𝑛∗+𝑠𝑘𝑦 + 𝑛𝑠𝑘𝑦 = 𝑛∗ + 2𝑛𝑠𝑘𝑦

(If x and y have independent random errors σx and σy , then the error in 

z = x ± y is σz
2 = σx

2 + σy
2)
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Signal to Noise ratio (1)

S/N = 
𝑛∗

𝜎∗
=  

𝑛∗

𝑛∗+2𝑛𝑠𝑘𝑦
= 

η D t f∗
η t (f∗+2 β

2S)

Let’s now consider two special cases:

 If the Source dominates over the Sky: n* ≫ nsky

 If the Sky noise dominates: nsky ≫ n*
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n*  η D2 t f*

nsky  η D2 t β2 S



Signal to Noise ratio (2)

If the Source dominates over the Sky: n* ≫ nsky

S/N ≅
𝑛∗

𝑛∗
= 𝑛∗ = D η t f∗

fmin ~ 1 / (D2t ) for the given S/N

the telescope aperture is most important!
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Signal to Noise ratio (3)

If the Sky noise dominates: nsky ≫ n*

S/N ≅
𝑛∗

2𝑛𝑠𝑘𝑦
=  

η D t f∗
2 η t β2S

= 
D f∗
β

η 𝑡

2 𝑆

fmin ~ 
𝜷

𝑫

𝑺

𝒕
for the given S/N

the seeing (angular size of a source) is most important!
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Signal to Noise ratio (4)

S/N ≅ D η t f∗

fmin ~ 
𝟏

𝑫𝟐𝒕

for the given S/N

S/N ≅
D f∗
β

η 𝑡

2 𝑆

fmin ~ 
𝜷

𝑫

𝑺

𝒕

for the given S/N
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Source dominates over the Sky Sky noise dominates

most important is
the telescope aperture                                                 the seeing


