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Charge Couple Device (CCD) Detectors
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Plate 16. This picture shows the 1.4-gigapixel Pan-STARRS CCD camera which is composed
of 60 orthogonal transfer arrays, each of which contains 64 devices of 600 x 600 pixels. The focal
plane is about 40 cm square. Credit: Pan-STARRS Team/University of Hawaii/John Tonry and
Peter Onaka.
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Major advantages of CCDs

Some of the many advantages
of CCDs over conventional
electronic and photographic
imaging mentioned include:

1. Compact, rugged, stable,
durable, low-power (using 10’s
instead of 1000’s of volts)

2. Excellent stability and linearity

3. No image distortion (direct
image onto a Si array fixed in
fabrication process

4. Relative ease of operation, and
reasonable cost due to mass
production

5. Unprecedented sensitivity (i.e.
quantum efficiency) over wide ||
range
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SAAO

Principles of conductors, semi-conductors, insulato rs

Consider the electron energy levels of a solid

Single (unperturbed) E-levels of an atom @& split when approached by
neighbour

@& for N atoms in close proximity (e.g. solid lattice) @ ®& N degree of splitting

®& a pseudo-continuous band of energies
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Splitting of energy levels: for 2 atoms (left) and N atoms (right)
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Principles of semi-conductors

» All but the valence electrons
are bound to the individual
atoms. They occupy the
valence band , which binds the
solid together.

 For electrical conduction ,
individual electrons must be
free to move. Conduction can
only occur if there is a
suitable E level, above that of
the conducting electron.

« |f valence band is occupied,
implies lower E levels filled.

26 Feb 2010 NASSP OT1: Detectors Il



Optical/IR Observational Astronomy

Detectors Il: semiconductor principles

Some physics background: conduction

* An empty sublevel has to be available for the valen  ce electron to
enter and be ‘conducted’.

« If valance band is fully occupied, then electrons c an’'t increase

their energy, hence solid does not conduct: it is t hen an electrical
iInsulator.
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Conduction

» Valence band unfilled
— Either only a single S-shell electron
— Or higher E levels sufficiently broadened to overla p valence band

» At T = 0K, all sublevels filled up to the Fermi lev  el, with higher sub-levels
unoccupied

» At higher T, some ’s will move into these levels, as there will still be ones
unoccupied and available for conduction

» In situation where overlap occurs between valence a  nd conduction bands,
then material is a good electrical conductor, asin a metal .
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Semiconductors

 Semiconductors

— If valence levels and higher don’t overlap, but have small E-separation, thermal
excitation can be sufficient to raise some electron s energy from valence band to
higher conduction bands. These are referred to as semi-conductors.

« Band-gap ( E;) between valence and conduction bands:
— Ina metal, E; = 0, hence excellent conduction

— Insulator has large Eg, resulting in no appreciable conduction

— Semi-conductors have 0 < Eg < 3.5 eV, resulting in significant numbers of eithe  r
thermally or radiatively excited electrons available for conduction. Thus semi-
conductors are intermediate in conductivity between conductors and insulators.

26 Feb 2010 NASSP OT1: Detectors Il



Optical/IR Observational Astronomy

Detectors Il: semiconductor principles
Solid state physics: refresher

e Momentumof : p=myv= k
 Wave function of _: = ekr (where k is electron wavenumber=2 g// )
For now assume free- model (not quite correct, since 'S expected to be near

+-ve ions in lattice). The E of In a constant potential is given as:

E =p?2m_ = 2k2/2m, (so E juk?)

Corresponding to K.E. of with momentum p = k. This formulation implies all
values of E are allowed, therefore does not reflect true width of the
conduction band. Estimate as follows:

Consider a lattice of length L consisting of N ions each a distance a from their
nearest neighbours:

L=Na

a
—

&
<«
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Energy of levels in free-electron model

E= 2k?/2m, (i.e. quadratic function)

Discrete energy level for each quantized
wavenumber

Foran standing wave to exist, then L
=n(l/2),(n=1,2,3...N),

Il =2L/n
So,

k=2p/lll = np/L=n p/Na

The difference between successive onNa  -o/Na
wave numbers, K, is p/ Na (very P P N
small, since N is large, hence can

p/Na

2p/Na

treat k as a continuous variable).

Knax = £ P/ @
for a given band
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Energy states in a solid

 Maximum energy is therefore:
E...= ?2p%2m_a?

Independent of N (adding more ions adds more states, but does not ch ange

the basic periodicity of the lattice, and hence not Kax)-

Recall (?) from quantum mechanics that the solution of a ‘particle in a box’ for
the density of energy states as a function of energ vy is given as:

dn=8p (2 m23)¥2 h3EY2dE, i.e. dnpu E¥?

If all ’s arein ground state (when at 0°K), they occupy all of the lowest E

levels, compatible with Pauli exclusion principle ( l.e. each level is occupied
by 2 of opposite spins).
If total number of ’s, n,, <total number of E levels, then at T = OK, all 'S

occupy E levels up to the Fermi energy, .
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Energy states in a solid

Fermi energy is:
£ =h?/8m, (3 ny/ p)?3

When Fermi energy is equal to energy band width band is fully occupied

If band is not completely full, 's can be excited by thermal energy (kT ~ 0.025 eV
at T = 20°C) into higher states. Electrons gainas  much as ~20kT ~0.5eV.
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Energy states in a solid

« AtT=0K,all ’sareintheir lowest energy states, and obeying th e Pauli
exclusion principle, filling the states maximally.

Fermi energy ( &) is the max energy of the last occupied states

 In a conductor (metal), there’s enough thermal E to excite the uppermost

into higher E levels
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Energy level diagrams

e Conductors and Insulators

— e.g. a metal like Cu is 10 2° times more conductive than an insulator like

quartz.

— Semi-conductors are intermediate

26 Feb 2010
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Energy level diagrams

e |nsulators and semiconductors

Semiconductor

Insulator (non-conductor)
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Energy level diagrams

e |nsulators and semiconductors

Insulators Band gap | Semiconductors Band gap
(eV) (eV)
Carbon (diamond) | 5.33 Silicon 1.16
Zinc oxide 3.2 Germanium 0.67
Silver chloride 3.2 Tellurium 0.33
Cadmium suphide | 2.42 Indium Antimonide | 0.23
(InSb)

Thermal excitation might allow electrons to jump th e band-gap
(only ~0.5 eV)
Also , photoabsorption of photons of E>E 5 can (e.g. in Si).
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Left: Example for insulator (carbon; diamond) and two sem iconductors (silicon and
germanium).

In former, the 2s and 2p levels (allowing, respecti  vely, 2 and 6 electrons) overlap,
forming two levels. At the typical inter-atomic dis tance for diamond (carbon with Z =
6), the two bands can accommodate 4 each, but are separated by 5eV, preventing

's from easily moving into the upper conduction band , explaining why diamond is
such a good insulator.
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Photoelectric effect: absorption

1B 1A IVA VA VIA
Z 13 14 15 16
Symbol | Al Si P S

30 31 32 33 34
Zn Ga Ge AS Se
48 49 50 51 52
Cd In Sn Sb Te
80 81 82 83

Hg Tl Pb Bi

The Group number gives # of valence
electrons available for conduction
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Semi-conductors used as
photoemitters, with Fermi levels
close to valence band.

— Reduce thermionic noise by have
Fermi levels in valence band and by
cooling.

Semi-conductors are typically
silicon based or germanium based.

These are Group IV elements in the
periodic table, each having 4
valence electrons per atom.

— Siand Ge form diamond-like crystal
lattices, with each atom sharing
with four neighbours.

Compounds including elements
from neighbouring columns of
periodic table (l.e. Group Ill and V)
can also be used.

— Examples include HgCdTe, InSb,

and these alloys have semi-
conductor properties.

S
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Photon detectors in semi-conductors

 Good photoemitters should have low E loss mechanism s for
released photoelectrons

- collisional losses minimized by employing insulators or semi-conductors
- Mean free path of photoelectrons > mean free path of photons

Semiconductors have a relatively low population of conduction band electrons
to collisionally de-excite the photoelectrons

- main E loss mechanisms for photoelectrons in such m aterials are:
1. Pair production (- hole pairs in conduction — valence bands)

2. Phonon production (lattice vibrations) by collisi ons between photoelectrons
and atoms in crystal lattice, particularly at disco ntinuities.

- Only few % of electrons E is lost in this way, but mean free path is small
(few nm), thus can be significant loss mechanism. R educe effect by
cooling material, thereby reducing number of quanti sed vibrational
excitation states.

(Electron-Hole pair production is the important mec hanism in a CCD)
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Intrinsic/extrinsic photoconductors

e Intrinsic photoconductors  comprise all Si, Ge, HgCdTe and InSb type semi-
conductors where single optical-IR photons are suff icient to promote electrons
into conduction.

« Photon wavelengths are given by: |l =h c/E, and the lower limits for photon
energies apply to visible/near IR region.

« Semiconductors working at lower E / longer waveleng ths
are referred to as extrinsic photoconductors . These have
dopants — impurities added to the semi-conductor.

e  Conduction then occurs when valence electrons from the
dopant, rather than the semi-conductor, are promote d into the
conduction band. These have a lower E

—Such devices designated by the notation =~ semiconductor:
dopant, e.g. Si:As (which is preferred technology for mid-IR [5-
30mm] detectors).

» Less radical doping is used to alter semi-conductor

properties (e.g. n-type and p-type, for on-average more or less
valence electrons that the bulk semi-conductor). Im portance of
these in Si devices discussed shortly.
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p/n junctions and diodes

Energy Gaps and Cutoff Wavelengths for semiconducto rs

26 Feb 2010

Name Temp (K) | Eg (eV) |l ¢ (mm)
Cds 295 2.4 0.5
CdSe 295 1.8 0.7
GaAs 295 1.35 0.92

Si 295 1.12 1.11
Ge 295 0.67 1.85
PbS 295 0.42 2.95
InSb 77 0.23 5.4
HgCdTe |77 0.10 12.4
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Semi-conductors

A pure (intrinsic) semi-conductor will, statistical ly, have equal numbers of
levels available in the conduction bands as there a  re levels in the valence
bands.
— For Si, there are 4 valence ’s available, distributed in the overlapping 2S and 2P energy
levels (which can accommodate 8 ).
Imbalances can be induced by * doping ’: the addition of other atomic species
(effect is apparent for 1 dopant atom per million se mi-conductor atoms) .

N-type

— If doping atom has higher number of valence electro ns, and these occupy new energy levels
between the valence and conduction bands.

— From there they are more easily excited into the co  nduction band and current is carried by
the (negative) electrons in this band.

— This type of semi-conductor is referred to as ‘n-ty pe’.
— These are “ donor atoms " — making available their 's for conduction

P-type

— If doping atom has fewer valence electrons, then mo  re ‘spaces’ become available in the
valence band

— Hence the current will be carried by electrons in t he valence band.

— Since the movement of an in the valence band is equivalent to the motion of a positive ‘hole’

in opposite direction, this type of semi-conductor Is referred to a ‘p-type’.
— These are “ acceptor atoms ” -takingup s from conduction band
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Photon detectors in semi-conductors

n-type p-type

* Photoelectric effect: photon absorption by a photoe mitter

Photon of wavelength < certain limit is absorbed an d an electron emitted. E of IS
function of E of photon, while  number of electrons emitted is dependent on photon

flux.
— Main requirements for good photoemitter:
» should absorb radiation efficiently (i.e. not refle ct it, like a metal)

» Mean free path of ’s emitted > photon mean free path

e e.g. in a metal conductor there are many vacant sub  -levels near their Fermi levels.
After a photon absorption, emitted IS moving energetically and looses E due to

collisions, thereby preventing escape from surface of metal
— Mean free path of  is ~1nm while photon’s is 10 nm. Little chance of e =~ mitted
electron escaping and therefore conducting.
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p/n junctions and diodes

When n-type semi-conductor is butted with
p-type, create a p-n junction or diode.

On average, more conducting 'S in n-type
than p-type, so set up of an E-field between

them.

Diffusion results ( ’s migrate to the p-type, -
holes to the n-type in the ‘depletion

region’). Sets up equivalent of a capacitor.

In case when —ve voltage is applied to n-

type and +-ve to p-type (forward biased), -—
then even more s pile up in p-type and —

more holes in n-type.

If a +-ve voltage is applied to n-type and —ve
voltage to the p-type, diffusion can be

halted (reverse biasing ). Diode will only -«
conduct when the difference is strong

enough to overcome voltage established by

charge diffusion.
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p/n junctions and diodes

* ‘Reverse biased’ diodes are the basic
photo-sensitive elements of modern
CCDs (and IR arrays)

» Light entering diode creates — hole pair
(.e. valence ® conduction band,
leaving a hole)

» Because charge is mobile, it can migrate
to depletion region of the p-n junction,
and goes to p-type side, hole to n-type
side, eliminating a unit of charge from
capacitor.

» These photo-excited charges ‘bleeding
off’ the bias is the physical method of
charge collection.

» Absorption of photons is energy
dependent, with higher E (shorter
wavelength) photons absorbed more
readily. Longer Il photons penetrate
deeper into the crystal, and once energy
< Eg, then no longer absorbed (cutoff
wavelength).

e This happens at 1.12eV, or a wavelength
of 1.1mm (I . = hc/E)
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Summary of P-N behaviour

* Atp-njunction, ’sfrom n-region diffuse into p
region, filling up some of the ‘holes’ in the valenc e
band 'S cause a negative charge to build up in
the p-region near the boundary. A potential is
therefore set up.

* Narrow depletion region is formed where the
majority charge carriers ( ’s for n-type; +ve holes
for p-type) are ‘depleted’ relative to concentration S
well away from the junction.

« Eventually the diffusion process leads to
electrostatic potential barrier, tending to repel
further diffusion.

Fermi level « Magnitude of potential barrier, V,, depends on the
impurity (i.e. dopant) concentrations, or the numbe r
of donor electrons at the junction which transfer
Into nearby acceptor levels.

e There is a shift of E-bands needed to ensure Fermi
level is constant throughout the crystal.
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Basic definition of a CCD

CCD is a metal oxide structure (MOS), consisting of a transparent metal electrode
separated by a ~0.1um of SiO , insulator from a layer of p-type Si. Thusitisas  imple
capacitor, capable of storing electrlcal charge.

CCD behaves as a two dimensional array of Si p/n ju  nctions. The whole array is

essentially a giant p/n Junctlon but individual ‘p icture elements’, or pixels , are
created using insulating ‘channel stops’ and electro des.
Individual ‘rows’ of pixels are isolated by channel stops (stopping charges being

able to diffuse vertically)
Individual ‘columns’ of pixels are created by voltag es applied to control electrodes.

Charges are accumulated in pixels during exposure t o light and remain there due to
applied voltages.
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Principle of a CCD

Positive voltage applied to the electrodes  sweep
the majority charge carriers i.e. holes, forming a
depletion region under the electrode.

Effectively a CCD is a radiation-driven capacitor.

Photoabsorption creates  -hole pairs, with the

's attracted into the depletion region, because
of the +ve charge. Size of voltage control depth
of depletion zone and the total capacity to store
charge.

Depletion region is an electrostatic ‘potential
well’ or ‘bucket’, in which photo-generated
charge can accumulate.

Amount of accumulated charge is directly
proportional to the intensity of the light.

At completion of exposure, charge is ‘shuffled
around’ the 2-D detector by changing the control
voltages on the electrodes.

Thus ‘reading out’ consists of first ‘clocking’ the
voltages horizontally until they reach a vertical
register of 1-D pixels. These are readout
vertically, one at a time.
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CCD stands for “Charge Coupled
Device”. Why ?

» charges are coupled to electrodes
e ‘clocking’ electrode voltages
allows charge to be moved, but
integrity of charge packets is kept.
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“Bucket brigade” analogy for a CCD
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History of the invention of CCDs

* |t was already known that charge could be stored by insulating a
small metal plate placed on the surface of a Sicry  stal.

26 Feb 2010

Stringing these ‘storage sites’ together and using v oltage differences between
them to pass the charge along constituted the innov ative idea

It took just few weeks to produce a proto-type 8-el  ement device, and the first
paper on a ‘CCD’ (for charge-coupled device , a name coined by Boyle) was
published in April 1970 ( Bell System Technical Journal , Vol. 49, 1970)

Wording from that paper reads:

» “A new semiconductor device concept has been devised which shows
promise of having wide application” Boyle & Smith

Within a few months many types of applications were listed — some actually of
relevance to a phone company!
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Subsequent development of astronomical CCDs

Many astronomical and space applications groups wer e alerted to the huge

potential of CCDs (e.g. NASA/JPL)

» Lead to the development of technology partnerships

Corp., Fairchild Corp. and Texas Instruments (TI) .

» e.g. NASA with Texas Instruments to develop large-area CCDs for proposed
Galileo mission to Jupiter.

» From 1973-1977 Tl developed arrays up to 400 ~ 400 pixels

» In 1976, a JPL test engineer, working on verificati  on of the TI chips,
succeeded in convincing an astronomer to try out a CCD

Astronomical requirements of CCDs somewhat more exac ting than those for
TV or video camera applications

— Sensitivity, efficiency, noise are all more signifi cant for astronomical applications where the
light levels are typically many orders of magnitude less than in normal commercial applications

— Few manufacturers were interested in developing the basic CCD chip as a marketable item
» Rather an integrated ‘end product’, i.e. a camera

— Commercial requirements did not mesh with astronomi cal

» Astronomy needed integrating devices, requiring coo ling to reduce thermionic ‘dark

26 Feb 2010

current’
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with industry, e.g. RCA
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