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Overview

1. Solid State Physics

2. Intrinsic Photoconductors
3. Extrinsic Photoconductors
4. Readout & Operations

5. Detector Noise



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 (each atom bonds to four neighbors).

 These double-bonds between neighbours are due to “shared”
electrons

SHARING OF
ELECTRONS

molecule

covalent bond
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Diamond Lattice

Diamond lattice not only formed by group IV elements

(C, Si, Ge) but also by IlI-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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Fermi Energy

* Fermienergy E; determines concentration of thermally excited
electrons in conduction band

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

 Fermifunction f(E): probability that state of energy E is occupied
at temperature T.
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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 at 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.



1. external excitation, e.g. via a photon < photon detector

Electric Conductivity

Conductivity requires charge carriers in the conduction band

_/

Metal
Overcome bandgap E, to lift e~ into conduction band:

—~~ |
p-type intrin. n-type

Semimetal Semiconductor Insulator

2. thermal excitation

3. impurities
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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

SRRV
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Photo-Current

photon
* Conductivity: j=cE£ §
* Current: I=jwd
 V=RI, E=V/I

1
R, wd

where: } t
s

—

V'
o — anﬂn

— ; Y contact
R4 = resistance | b

w,d,| = geometric dimensions
q = elementary electric charge
Ny = number density of charge carriers _ ont

¢ = photon flux nO
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

wdl
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Important Quantities and Definitions

# absorbed photons
# incoming photons

Quantum efficiency n =

electrical output signal

Responsivity S =
esponsivity input photon power

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

* long-wavelength cutoffs

- Germanium: 1.85um

2 _he > Silicon: 1.12um
Eg - 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
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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
missipglelectron boron to silicon in the

h+ '(hole)r _
= ‘o q ratio
C Proup(ummm 1:100,000 increases its

conductivity by a factor
of 1000!
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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 = low QE = active volumes (pixels) must be

large
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Blocked Impurity Band (BIB) Detectors

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

 |R-active layer: heavily i’é‘é’é‘i?’i”t /Eﬁé‘r“"g iZ?é’r“T 238%?3{2‘6
doped +y, N
(BN ]
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. . S by
layer of high purity E/\“\/\,\/‘ \
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l |

. . . |

* Typical species are Si:As ; L
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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

| 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 Si0O
region_\ 2—\\
| S,

p-ltype
silicon

during the exposure
5. = read out the number of e~

/9
free

electrons

/— metal

N bias
voltage

S +Vg 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
total charge collected at interface measures number of photons



Time sequence

v

Charge Coupled Readouts

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

?

Vs,

L A

2 Rl &

sio;”

Si

here: 3 sets of electrodes
- 3-phase CCD

Be aware of charge transfer (in-)efficiencies (CTEs) due to electrostatic
repulsion, thermal dif fusion.and fringing fieldsors | 20
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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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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 2> transferred into the statistics of the generated and
recombined holes and electrons.

Johnson or KTC noise <1j> :M‘_TAf

R
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 <]12/f>oc§Af

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§[> :<](2;_R>+<I§>+<]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.



