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Modern Detectors

1. Photon detectors

Respond directly to individual photons -> releases bound charge carriers.
Used from X-ray to infrared.

Examples: photoconductors, photodiodes, photoemissive detectors

2. Thermal detectors
Absorb photons and thermalize their energy-> changes resistance ->
modulates electrical current. Used mainly in IR and sub-mm detectors.
Examples: bolometers

3. Coherent receivers

Respond directly to electrical field and preserve phase information (but
need a reference phase “local oscillator”). Mainly used in the sub-mm
and radio regime.

Examples: heterodyne receivers
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Diamond Lattice

Elements with 4 e~ in valence shell form crystals with diamond lattice structure

atoms

(each atom bonds to four neighbors). @ Q
° ®
W=

These double-bonds between ¥

HARING OF
ELECTRONS

neighbours are due to “shared”

electrons e.b

molecule

Diamond lattice not only formed by IV elements (C, Si, Ge) but also T
by 1lI-V semiconductors (InSb, GaAs, AlP
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Electronic States and Bands

Single atomic system

Example: H atom
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Forbidden band

Atomic crystal
Wavefunctions W overlap

— Energy levels of individual
atoms split due to Pauli
principle (avoiding the same
guantum states)

- Multiple splitting = “bands”
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Electric Conductivity

Conductivity requires charge carriers in the conduction band

“

Metal Semimetal Semiconductor Insulator

p-type intrin. n-type

Overcome bandgap E, to lift e” into conduction band:
1. external excitation, e.g. via a photon < photon detector
2. thermal excitation

3. impurities
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Fermi Energy

The Fermi energy Er determines the concentration of
thermally excited electrons in the conduction band.

Energy valence band: E,; Energy conduction band: E,

Fermi function f(E): probability that state of energy E is
occupied a’r*’rempera’rure T.

f{E)
1

1 E.—Ep>>kT

3/2
n, = ch(Ec),Nc = 2[ off ) , f(Ec) — — T BB




Fermi energy = energy of the highest occupied quantum state in a system of fermions at T=0K

QM: fermions obey the Pauli exclusion principle = two fermions cannot occupy the same quantum state.
Fermions consecutively fill up the unoccupied quantum states starting with the lowest energy; when all
the particles have been put in, the Fermi energy is the energy of the highest occupied state.

Fermi level = chemical potential

The Fermi level is the energy below which there is a 50% chance of finding an occupied energy state. The
Fermi level can be calculated from the density of states in the conduction and valence bands. The Fermi
level may increase, remain the same or decrease with increasing temperature, depending on the number
of states in the conduction and valence bands.

Fermi energy and Fermi level are only the same at absolute zero. At absolute zero temperature the Fermi level can be
thought of as the energy up to which available electron states are occupied. At higher temperatures, the Fermi level is
the energy at which the probability of a state being occupied has fallen to 0.5.

The Fermi function f(E) gives the probability that a given available electron energy state will be occupied
at a given temperature. Typically, most of the levels up to the Fermi level E-; are filled, and relatively few
electrons have energies above the Fermi level.

The population of states depends upon the product of the Fermi function and the electron density of states:

* Inthe gap there are no electrons because the density of states is zero.

* Inthe conduction band at OK, there are no electrons even though there are plenty of available states, but the Fermi
function is zero.

* At high temperatures, both the density of states and the Fermi function have finite values in the conduction band, so
there is a finite conducting population.



Intrinisic Photo-Conductors: Basic Principle

- semi-conductor: few charge carriers = high resistance
- charge carriers = electron-hole pairs
- photon lifts e  into conduction band

- applied electric field drives charges to electrodes

e
A
—0T0 0
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Photo-Current

§photon

 Conductivity: j=cE

e Current: I=jwd

e V=RI, E=V/I

1
R, wd

o — anII’ln

contact

where:
R4 = resistance
w,d,| = geometric dimensions
g = elementary electric charge
Ny = humber density of charge carriers
¢ = photon flux
n = quantum efficiency
T = mean lifetime before recombination
W, = electron mobility ~ mean time between collisions.
drift velocity v=p_E, current density j=n,qv
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Important Quantities and Definitions

# absorbed photons
# incoming photons

Quantum efficiency n =

electrical output signal
input photon power

Responsivity S =

Wavelength cutoff: A = hc _ 1.24m
Eg Eg [eV]
Photo-current: I,=qenG

pn T _ carrier lifetime

qon - T ~ transit time

Photoconductive gain 6: G =

The product nG describes the probability that an incoming photon will produce
an electric charge that will reach an electrode.
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Limitations of Intrinsic Semiconductors

hc
long-wavelength cutoffs A, =
> Germanium: 1.85um &

- Silicon: 1.12um

- GaAs: 0.87um

non-uniformity of material
problems to make good electrical contacts to pure Si

difficult to avoid impurities and minimize thermal (Johnson)

noise



Extrinsic Semiconductors

e extrinsic semiconductors: charge carriers = electrons (n-type) or holes (p-type)

e achieved by addition of impurities at low concentration to provide excess
electrons or holes

- much reduced bandgap -> longer wavelength cutoff

n-doped silicon p-doped silicon

Example: addition of boron to silicon in the ratio
1:300,000 increases its conductivitytby .afactornof 1000k 14



Extrinsic Semiconductor Band Gaps

Si

Cutoff
wavelength

Ac (Um)

Ge
Cutoff
wavelength
Impurity Type A; (Um)
Al P
B p 119°
Be p 52°
Ga P 115°
In p 111°
As n 98’
Cu p 31%
P n 103*
Sb n 129°

18.5¢
28
55°
17.2¢
.2
25¢
2%
21
29¢

Problem: absorption coefficients much less than for intrinsic
photoconductors =2 low QE = active volumes (pixels) must be

24@@@14
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Blocked Impurity Band (BIB) Detectors

Solution: use separate layers to optimize the optical and
electrical properties independently:

tran{spa:rent Iblocking :r—active degetne{ate
coniac ayer ayer substrate
. o +Vb \ ’/ ‘l l N
« IR-active layer: heavily R \
photon Q N
N\
doped 5/’\,\/\/\/‘ =
- ~“~e N =
* Blocking layer: thin layer 3 electron 3
N\
of high purity (intrinsic ; i
1 I
photoconductor) o] depleted |
2 —] |
« Typical species are Si:As or £ \ i
$| |
. I
S5i:5b BIBs . |
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Photodiodes

 junction between two oppositely doped zones
« Two adjacent zones create a depletion region with high

depletion region

impedance

junction

B W e

depletion—"

+.=

| I

*—1-—"

region

Photon gets absorbed e.g. in the p-type part

Absorption creates an e™-hole pair

The e diffuses through the material

Voltage drives the e~ across the depletion region = photo-current

| __——hole

photon



Charge Coupled Devices (CCDs)

CCDs = array of integrating capacitors.
Pixel structure: metal “gate” evaporated onto SiO, (isolator) on silicon

= MQOS

W N e

depletion SiO
region_\ 2—\\
| S,

p-type
silicon

/9
free

electrons

5. =2 read out the number of e~

/— metal

N bias
voltage

S +V9 Vg

N

N

photons create free e in the photoconductor

e~ drift toward the electrode but cannot penetrate the SiO, layer
e~ accumulate at the Si—SiO, interface
the total charge collected at the interface is a measure of the
number of photons during the exposure



Time sequence

v

Charge Coupled Readouts

Collected charges are passed along the columns to the edge of the array
to the output amplifier.

?

V,

- A

2l &

sio;”

Si

here: 3 sets of electrodes
- 3-phase CCD

Be aware of charge transfer (in-)efficiencies (CTEs) due to electrostatic
repulsion, thermal dif fusionand-fringing fieldsor - 19
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Charge Transfer Efficiency (CTE)

Time-dependent mechanisms that influence the CTE:

1. Electrostatic repulsion causes electrons to drift to the neighbouring electrode
with time constant for charge transfer t,.

2. Thermal diffusion drives electrons across the storage well at 7,,.

3. “Fringing fields” due to dependency of the well on the voltages of neighbouring
electrodes ().

Approximation for the CTE of a CCD with m phases: CTE = (1 — e_t/ry‘

Noise from charge transfer inefficiency: € = (1-CTE)
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Orthogonal Transfer CCDs (OTCCD)

For TDI it would be desirable to move the charges in any direction to
follow the image motion. This can be done with the OTCCD.

OTCCD operation:

To move a charge to the right, | |} 2\
" 3'is negative to act as

channel stop, '1',"2',and 4" |14
are operated as a conventional | ||
CCD.

To move a charge up, " 4' is

hegative to act as channel
stop, '1', " 2',and " 3' are

operated as a conventional Bl \
oD, al -

Moving to the opposite

directions: reversing the =
54%@1"&6‘91 Astronomical Observing Techniq@s: Detectors
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CCD Color Sensors

1. Take three exposures through three filters subsequently — only
works for fixed targets (standard for astronomy).

2. Split the input beam in three channels, each with a separate and
optimized CCD (professional video cameras).

3. Bayer mask over CCD — each subset of 4 pixels has one filtered
red, one blue, and two green.




Main Detector Noise Components

6-R noise (1) =44 NG Af
fundamental statistical noise due to the Poisson statistics of the photon

arrival > ’rra@sfoeﬁm d into the statistics of the generated and
recombined holes’and electrons.

Johnson or kTC noise <12>—4k—TAf

fundamental thermodynamic noise due to the thermal motion of the
charge carriers. Consider a photo-conductor as an RC circuit. Since
<Q?% = kTC, the charge noise is also called kTC noise or reset noise.

1/f noise

increased noise at low frequencies, due to bad electrical contacts,
temperature fluctuations, surface effects (damage), crystal defects,

and JFETs, ...
The total noise in the system is: <1§[> =<1(2;_R> <12> <]12/f>
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BLIP and NEP

Operationally, background-limited performance (BLIP)
is always preferred: <[é_R> o> <[5>+<]12/f>

The noise equivalent power (NEP) is the signal power that
yields an RMS S/N of unity in a system of Af=1Hz:

1/2
NEP. zf’lc [z)

In BLIP the NEP can only be improved by increasing the

quantum efficiency n.



Detector Artefact.s (1)

Fixed pattern
noise.
Mitigation:
“flat-fielding"

Dead, hot and rogue pixels.
Mitigation: subtract off-source image
and/or reduce bias voltage

CH2 200s Latents 400s lllumination
400 IIIIIIIII]IIIII]III[IIIIIIIIlllllllllll_

bin flucfe-/s) #pix

D g1zs 148

Residual or latent {mages after
overexposure. Mitigations:
waiting, frequent resets, annealing

A

Q

Q
T

difference signal fe-)

aQ
=]
T

Muxbleed, pulldown and banding.
Mitigation: avoid bright sources, short

exposures.
echniques: Detectors 1 26
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Detector Artefacts (2): Fringing

In spectrographs: photons reflect off the back of the detector and interfere
with the incoming light.

detector

If the phase difference between |
and nel, is an even multiple of it
constructive interference occurs. If
an odd multiple destructive
interference occurs =2 fringes =

wave pattern.
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General Flatfielding

Detector response (QE, bias) varies slightly from pixel to pixel =2 image has
“structure”, even with flat illumination
- flat-fielding; common methods are:

1. Dome flats: illuminate a white screen within the dome (can be done during
the day, but may introduce spectral artifacts)

2. Twilight flats: observe the twilight sky at two times during sunrise or sunset
(high S/N but time is often too short to get FFs for all filters)

3. Sky flats: use the observations themselves (spectrally best, but often low S/
N)

In all cases: use the difference between two flux levels F,, F, to compute the

flatfield with which all images have to be multiplied.

-1

Iy — I,
median(F, — F, )

FF =



N image
planes

\

valuate median pixel
value down stacked images

l

E

)

SO S S,
»

P 9. 9. 9.9.9.9 AN

Dithering / Jittering

ﬁﬁﬁﬁ

small amount

C

v
//' P4 :
/// :
/// o
A
/// ;
145994
/1
4
//A

1. Observe the same field with many exposures, each offset by a

2. Combine the image e.g., via median filtering

AN\

%

DA

29
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Chopping / Nodding
Nod Position A Nod Position B

Off-Source

On-Source Off-Source On-Source

\ N

_ N
"Chopped Difference” N / "Chopped Difference”
Chopping: switch between target and
sky at a few Hz

Nodding: offset to the sky position to

repeat the chopping sequence

inverted :
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