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“Just checking.”

David Buckley, SALT
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Detectors I

Charge Couple Device (CCD) Detectors

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

A Some Of the many adv_antag €s CHARGE-COUPLED DEVICE (THINNED)
of CCDs over conventional 100 - I ] ] ] l 1

electronic and photographic (THINNED CCD) ‘
Imaging mentioned include: (BULK CCD)

1. Compact, rugged, stable,
durable,low-power (usi
i nstead of 10000

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 0.1 L1 ] 1
production 0.2 0.3 04 05 06 0.7 0.8 0.9 1.0 11

(BULK)
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QUANTUM EFFICIENCY (%)
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5. Unprecedented sensitivity (i.e. WAVELENGTH OF RADIATION (um)
guantum efficiency) over wide | ‘
range
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Principles of conductors, semi-conductors, insulators

A Consider the electron energy levels of a solid

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

A - for N atoms in close proximity (e.g. solid lattice) - N degree of splitting
A - apseudo-continuous band of energies
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Principles of semi-conductors

A All but the valence electrons
are bound to the individual

Energy —&|— P
o slactron atoms. They occupy the
preareihe N oL valence band, which binds the
T ... D solid together.
Conduction . .
_______ e A For electrical conduction,
t .. - prn individual electrons must be
g o free to move. Conduction can
w 7777 - - - - - -~z band Only occur |f there |S a
L Bound suitable E level, above that of
Faa s 2% L -electrons .
nonon ot BRI the conducting electron.
N P O : :
v - Distance — A If valence band is occupied,
T Nuclei T implies lower E levels filled.
Edge of Edge of
the solid the solid
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SAAO

Some physics background: conduction

A An empty sublevel has to be available for the valence electron to
enter and be 6conductedo.

Alf valance band is fully occupied,
their energy, hence solid does not conduct: it is then an electrical
insulator.

1 Conduction
-band
J (empty)

~ Large
“energy gap
Valence
band
(filled)

w
1
|
|
|
;

: .
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Conduction

SAAO

A Valence band unfilled
I Either only a single S-shell electron
i Or higher E levels sufficiently broadened to overlap valence band

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

» At higher T, some U 6gill move into these levels, as there will still be ones
unoccupied and available for conduction

» In situation where overlap occurs between valence and conduction bands,
then material is a good electrical conductor, as in a metal.

: Empty o == -
. 4
op " band

1 Half-
- filled R —— |

[nner
rfilled
23 ‘l’.‘]fi\"‘
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Semiconductors

SAAO

A Semiconductors

I If valence levels and higher d o ndvérlap, but have small E-separation, thermal
excitation can be sufficient to raise some electrons energy from valence band to
higher conduction bands. These are referred to as semi-conductors.

| Conduction
| band

|

< <4 Small

=) y 7 red J. nerov 4
rocbooloé_;,d';c‘,oﬁ energy gap

1._ Valence
{ ) |
?:;:lul

A Band-gap (E;) between valence and conduction bands:

i Inametal, E5 =0, hence excellent conduction
I Insulator has large Eg, resulting in no appreciable conduction

I Semi-conductors have 0 < E; < 3.5 eV, resulting in significant numbers of either
thermally or radiatively excited electrons available for conduction. Thus semi-
conductors are intermediate in conductivity between conductors and insulators.
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Solid state physics: refresher

SAAO

A Momentum of U p =m. = kk

A Wave function of  y =ekr (wherek is electron wavenumber =24/ /)

For now assumefree-U model (not quite correct, s
+ve ions in lattice). The E of U in a
E = p%2m,_ = k2k2/2m, (so E” k?)

Correspondingto K.E.of U wi t h mopne =.tThigkformulation 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 4
\ Empty conduction band /
X Forbidden energy gap /3
Y\ 2 " Filled valence band _ 7
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sAno

Energy of levels in free-electron model

E =k2k2/2 m, (i.e. quadratic function)

Discrete energy level for each quantized \
wavenumber \ |
N E'\\. ||
ForanU standing waveL "\ |
=n(/2),(n=1,2,3€éN), \ |
Y | =2Ln O\ |
So, | \_\ |

k=2p/l = np/L=np/Na

c~]~:
The difference between successive '
wave numbers, k, is p/ Na (very
small, since N is large, hence can

-2p/Na -p/Na 10

treat k as a continuous variable).

K., =Np/a
for a given band
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Energy states in a solid

SAAO

A Maximum energy is therefore:

E,...= k?2p%2m, a2

Independent of N (adding more ions adds more states, but does not change
the basic periodicity of the lattice, and hence not k,,,,,)-

Recal l (?7) from quantum mechanics that
the density of energy states as a function of energy is given as:

dn=8p (2 m23)Y? h3EY?dE, i.e. dn~ E?

IfallU6 s agroandistate (when at 0°K), they occupy all of the lowest E
levels, campatible with Pauli exclusion principle (i.e. each level is occupied
by 2U of opposite spins)

| f total nuwgplket osafal Usssimber of E |l evel s,
occupy E levels up to the Fermi energy, UL.
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Energy states in a solid

€p Emnx

Fig. 6-20. Density of energy states of
free electrons in a solid.
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Energy states in a solid

4 JE— _7_:‘ —
"‘":ZU!{-T —e—&——
o ; *
o—o °
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o fp o—
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—o | e
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—r—a- ‘ o*—8
. *—o- v G-—&
(a) Ground state (b) Excited state

A AtT=0K,alU6s are in their |
exclusion principle, filling the states maximally.
A Fermi energy (e.) is the max energy of the last occupied states

A Il'n a conductor (metal), thereos
into higher E levels

owest energy state

enolU§sd the

27 Aug 2015 NASSP OT1: Detectors Il 14



Optical/IR Observational Astronomy

Detectors Il
Energy level diagrams

Empty
3p 3p "~ band

(= 3p

1 Half-
L filled
y band

L.?»s

dn

. | Inner
~filled
» | bands
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Conduction S —
band Conduction
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_______energy gap Small

energy gap
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Energy Gaps and Cutoff Wavelengths for
semiconductors

Optical/IR Observational Astronomy

Detectors I

Name Temp (K) | Eg (eV) |  (mMm)
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 144 0.23 2.4
HgCdTe 77 0.10 12.4

27 Aug 2015
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Photoelectric effect: absorption

1B A IVA VA VIA- A Semi-conductors used as

photoemitters, with Fermi levels

z 13 14 15 16 close to valence band.

Symbol | Al Si P S i Reduce thermionic noise by have
Fermi levels in valence band and by
cooling.

30 31 32 33 34 A Semi-conductors are typically

Zn Ga Ge As Se silicon based or germanium based.

A These are Group IV elements in the
periodic table, each having 4

i - s .~ S valence electrons per atom.

Cd I =i Sb e I Si and Ge form diamond-like crystal
lattices, with each atom sharing U6 s

30 31 82 33 with four n_elghbo.urs

. - Bh Bi A Compounds including elements

g ! from neighbouring columns of
periodic table (I.e. Group Ill and V)

The Group number gives # of valence i
electrons available for conduction

27 Aug 2015

can also be used.

Examples include HgCdTe, InSb,
and these alloys have semi-
conductor properties.
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Intrinsic/extrinsic photoconductors

SAAO

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

A Photon wavelengths are given by: | =hc /[E4 and the lower limits for photon
energies apply to visible/near IR region. silicon

| : atom

A Semiconductors working at lower E / longer wavelengths
are referred to as extrinsic photoconductors. These have
dopants T impurities added to the semi-conductor.

A Conduction then occurs when valence electrons from the |I.
dopant, rather than the semi-conductor, are promoted into the
conduction band. These have a lower Eg

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

A 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). Importance of
these in Si devices discussed shortly.

— Valence
bonds

Crystal lattice

27 Aug 2015 NASSP OT1: Detectors Il 19



Optical/IR Observational Astronomy

Detectors Il
Basic definition of a CCD

Positive voltage
supply (~10v)

Electrode
= Photon — |
Silicon —
dioxide layer ) ——lll Vg (positive)
-~ thi
(~100 nm thick) _{;_:‘: o,

Electron | an inversion layer

||

‘ |

£ =Y |

7 |

storage region [ : ? |

(~10 nm thick) _ ll-—-$ _] ~Depletion e _:
Positive hole ’/@ N TQ" e

depletion /T_/”__'
_'_Ground Y\

region
A CCDis a metal oxide structure (MOS), consisting of a transparent metal electrode
separated by a ~0.1pm of SiO, insulator from a layer of p-type Si. Thus it is a simple
capacitor, capable of storing electrical charge.

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

|

A
Electrons form /)

o\

!

|

-

p-type silicon

essentially a giant p/ n juncti on ,pixdsydare i ndi \
created using I nsulating O6channel stopsdé ar
Alndividual oO0rowsd of pixels are isolated by
able to diffuse vertically)

| ndi vi dual 0columnsdé of pixels are created

o I

Charges are accumulated in pixels during exposure to light and remain there due to
applied voltages.
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ABucket brigadeo ans:a
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Surface Channel CCDs

-

p p
(20-40 OHM-cm) (0.01 OHM-cm)

g POTENTIAL

Si—Si0, INTERFACE

&
0
o
<

INTERFACE TRAPS

SURFACE
POTENTIAL
POTENTIAL

\ =

e

n<
01
EPITAXIAL INTERFACE

.__-._——qr—————_—...——_—_———_.—._—.—__._.-

Vv
INCIDENT
LIGHT

~—
DISTANCE

DEPLETION l
REGION
EPITAXIAL LAYER
(10 pm)

b
;.-l:;'
e, »
it
g
Po
8
i
&
::'k-:i
2
=

SUBSTRATE
(500 pum)
&

%

-
é
7
Z
?
%
-
7
7
Z
g.
%
/ it
7
%
A




Optical/IR Observational Astronomy

Detectors I
Buried Channel CCDs

p

COLLECTING PHASE

\—-

|
BARRIER PHASE
|
' DISTzr; .
CHANNEL INVERSION e
SURFACE PINNED

|
I
I
|
|
I
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e e e L
ov Ej/—ej +V ov
.,LCL,,,L,,L
[SXe)o) J
A S
20
o SN\
L N s a T
®3 ¢3ﬂj—\ .

SECTION OF CCD IMAGE SENSOR

¢
1 .
,LJ,,,-,, oy g o e

GO

TRANSFER
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Parallel transfer_ Three-phase CCDs
electrodes ™\ +V
N N .
|®G@|
+V +V
I 11

L i L d 1 ? S ]

Serial output

register electrodes (eee— ]

+V
S S
L s Co)

A Apart from the initial efficient conversion of photon- U, and oO6trappi ngo
pl ace in the Si arragad ttieedsfti@dchargee ds t o 0O

A One of the basic initial CCD designs was the so-c a | Itlteeb pilase6 CCD cons i
3 separate electrodes per pixel.

i Changing the voltages in a repeatable pattern (
rows of the CCD until they reach a serial output register.

I One of the electrodes is set to a more +ve voltage which causes the depletion region to form
under it.

I Heavy doping of the Si crystal structure creates a narrow channel stop, preventing charge
from migrating along the length of the electrode.
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S O Interline and Frame Transfer CCDs
A Clocking takes finite time to transfer the pixels (in parallel) to the serial readout
register(s), which also has to transfer 1i1t6b:

A For fast rates applicable to video camera (e.g. >25 frames per second), then the simple
three-phase readout is too slow. Two different architectures were developed for this use,
where speed rather than efficiency is important

T Interline transfer CCDs

» These consist of adjacent opaquely shielded columns (i.e. blocked from light). Only ~50% of
area is sensitive to light, but this is OK for all but the lowest light levels (i.e. astronomy!).
Can operate at TV rates (e.g. 5 MHz).

» Charge is only moved by one pixel, then the shielded columns are readout while new charge
accumulates on the exposed pixels

I Frame transfer CCDs: imaging and store areas (latter blocked from light)

Output o—<} ] Output o—— .
---AN--- / /" / /
M M- / / o/ ,/
= / / re /
11 A A
4 1 l/ / ‘df&‘d / /
-\ H = / / / /
R / / / A
MU | Image area / 2 / /
-- KH 4 4 Z Z Z
%
I}Fr
10t Image
M H - area
H U 1t Storage areas
= L ’A -
(b) Interline transfer (a) Frarne transfer
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Backside lllumination of CCDs

o

A Frontside illumination, through a semi-transparent electrode
structure, was first devised for CCDs

Ensures that the electron-hole pairs are created close to the depletion region,
where the charges can be separated before recombination

Problems with overall sensitivity, particularly with the shorter wavelength, which
are easily absorbed in the electrode and metal oxide layer without producing a
detectable photoelectron

By illuminating the CCD from the back, the blue response can be improved. The
problem i s that the photo absorption i-n
hole pair to form and recombine to quickly i before they are influenced by the
electrical potential of the device

a

Overcome the above by Athinningo a proces

removing the Si so that it is only ~10um thick T thin enough for photoelectrons
from blue photons to be accumulated in the depletion zone.

Now the problem becomes a lack of response in the far red, because these
photons can now pass right through the device!
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Other ways to increase CCD blue response

Quantum Efficiency of a Typical
Photometrics PM512 CCD with METACHROME ™ Il Coating

Coated with
g METACHROME ||
k=)
i
e 25
=
§ 20
&}
2 15
Without
10 Coating
5
0
250 400 600 800 1000

Wavelength (nm)
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Front-illuminated CCDs

AO

The electric field structure in a CCD defines to a large degree its Quantum Efficiency
(QE). Consider first a thick frontside illuminated CCD, which has a poor QE.

N

Cross section through a thick frontside illuminated CCD

In this region the electric potential gradient

/ Is fairly low i.e. the electric field is low.

Electric potential

e AR EBREERREREERRERRRRRRRRRRRRRRRRRRRRNNRNN.] PI Otential along thiS Iine
shown in graph above.

Any photo-electrons created in the region of low electric field stand a much higher
chance of recombination and loss. There is only a weak external field to sweep apart
the photo-electron and the hole it leaves behind.
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Charge Collection in a CCD

AO

Photons entering the CCD create electron-hole pairs. The electrons are then attracted towards the most
positive potenti al i n the device where they create

I R B O B

>

2 >

2% @© G

- © S
€ O T S

= L s T)C

Qo X 0 X 3

2 £ Sits] = 9

S a Q O

[ 1n-type silicon |' Electrode Structure

@ Charge packet
[ p-type silicon

SiO2 Insulating layer
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CCD sensitivites

Ao

A 8uantum Efficiencies (QEs) are one of the most important parameters of a
CCD. What are the properties of modern CCDs (e.g. buried channel, back-
illuminated, thinned, doped, deep-depletion, etc)

QE Comparison
120 -

100
a0
== jzxr
w B
=} —— CC1 D020 MBE single AR |
e 320nm
40 —&— Ci1020 B Broad Band
AR \*
EE% 2 (Standard Thinned)

20 N
——Miarcaoni Decp Depletion

(hroad Band AR)
a I 1 I .

200 400 S00 GO0 00 &00 400 1000

nm
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7 ! . 11‘“;1.0 LN2 GAS GRANVILLE PHILLIPS
O0CCD Camer as e R SR,
A CCD design has evolved |
considerably ORINGS ~_
i Better noise characteristics
» R.N. of 2e now instead of 80e in 80S ., . .- ; ! i~ CONTAINER
ACCD fcontrollero i = /,/COEE‘E&'O“
iImportant as the CCD detector in .
“OPPER L
terms of overall performance (e.g. AN ] ! —mmronce
n0|s_e) and_versat|l|ty. Ay | I | f 0
AThis is what cont | _ |
voltages, i.e. readouts e
ACCDs need cooling o Y
currento), iI.e. t[]rre | { e
i At 20°C, a CCD can generate 100,000 {%Té?fﬁp/‘ ]
U/sec/plxel ther mal | VACUUM
i Reducing Ttoi90t07140°C (i.e. 135t0 ‘&5 smceo. e

180K) reduces dark Cmpw LT—:SL
Upixels per hour . jﬁL -

RADIATION -~

ACCDs used in dcam " /1 O o
of dewar, cryostat, pre-amp, signal /) \ NN
proc. electronics, filters, etc. winoow suUTen sulrren

(a)

27 Aug 2015 NASSP OT1: Detectors Il 35



Optical/IR Observational Astronomy

Detectors I
New developments in CCDs

A Orthogonal transfer CCD (OTC)

i 4-phase CCD, but allowing charge shuffling both vertically and horizontally
during exposure

I Half of CCD readout semi-continuously (storage half of frame-transfer type)

i Motion of a bright star in this half 1is
CHANNEL
STOP r 1
’ L Ij WA r]:] [ 1 -l ' "
\\‘2 \1\ | TG \v.\ \;
T s
o s | | 2
SUNUE AN T ]
v . v 5
WIS NN VA
~a” |
AONE AN =
i ===

_ Horizontal transfers
Vertical transfers
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A Electron Multiplication CCDs
(EMCCDs)

Optical/IR Observational Astronomy

New developments in CCDs

Amplify signal in the serial readout register
Avalanche gain IMAGE AREA
Effectively a photon counting device 1024 x 1024 pixels
Readout noise is insignificant
Advantage for short exposures

ES Cet

STORAGE AREA
1024 x 1024 pixels

Normal CCD

serial register
normal ocutput

avalanche output

!
4200

27 Aug 2015

| | | |
4400 4800 4800 5000 avalanche register

604 pixels

Wervelenath (&)
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A Clock charge along CCD rows at the same rate an object moves
A Good survey mode (e.g. Sloan Digital Sky Survey)

Plate 15. Tn this color picture of the photometric camera for the Sloan Digital Sky Survey
(SDSS) the layout of the 30 CCDs can be seen below the corrector plate. Each of the six rows has
ﬁ/ve /CC/DS‘ and each CCD in a row is covered by a different filter (from left to right they are ¢/,
Z,u', i', and r"). Credits: Sloan Digital Sky Survey team/Jim Gunn. ‘

27 Aug 2015 NASSP OT1: Detectors Il
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On-Chip Binning

2 x 3 pixel ?)/'erti‘cal
superpixel inning

Horizontal binning factor = 2




Optical/IR Observational Astronomy
Readout Noise in CCDs

SAAO

A Ideally only associated with the output transistor (on-chip)

A Other noise sources arise from electronics affecting the weak signals
(typically few 106s of microvol ts)

I Background charge associated with DC offsets
I Charge transfer fluctuations

I Reset (O6kTCO6) noise (resetting node outpu
(e.g. correlated double sampling)

I MOSFET noise (transistor)
A Originally CCDs had readout noises of ~80U
AModern CCDs have 1 or 20U readout noise

A Readout noise is constant signal added every time a CCD is readout
I Not proportional to the exposure time
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Bias and Overscan

APurposely 6bias6é the CCD
that readout noise never drives A/D input
into the negative.

AEssentially it is a Oped
signal which is ideally uniform and
constant.
>OVERSCAN
‘ ZONES
/Y Area of interest
§ Y2 l&—1 = tobereadout
% :
Typical bias frame
Modern CCDs have good bias (i.e. both Y1
constant in time and position).
So rather than take bias frames (wasting
time), just use part of the unilluminated X loxe

portion of CCD (overscan). ™ <‘|
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Fringing

o

SAAO

Alnterference patter
rings) produced from night-sky
emission lines (l.e.
Omonochromaticbd6 sou:

A Particularly prevalent in thinned
CCDs and at longer wavelengths

A Potentially highly variable (in
position and time) T up to 20%!
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Removal of Fringing

Before removal After removal
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Cosmic Rays

i ot | ..:% =1 A CCDs are efficient at
W R i e Gl B detecting the secondary
e e sAbR el A particles of cosmic rays.
1 * . % ... | A These are typical muons
e R ek which are absorbed in the Si
ot lattice of the CCD

A Energy released from pair

A A production leads to _

L S enbaeiee 80U/ pioxel / Om

Vim, SRR GRS - e R i For atypical 20um depth, a
o) : : - cosmic ray can generate

~1000U

s i t ‘ T i Appears as a 0s
. S : A Ik i above the background (many
. My e sigma of mean pixel values)
G ey ' I Shape non-star like
» k B - . "y . .

I Easily removeable in software
G 2 o 2 N _ (replace with mean of
- ey R e LR P P T A U surrounding pixels)

27 Aug 2015 NASSP OT1: Detectors Il 44



Optical/IR Observational Astronomy

Detectors Il
Dust & dirt (1)

A Optical elements in the light
path (e.g. filters, windows) can
accumulate small dust spot

AThese are 0i nod-ge
focus spots (o0do
A Generally stable over timescale

of a night (unless in a dust
storm)

A Will appear on every CCD frame

ARemove using oOf]
techniques

~— N

(@} )
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Flat Fielding

SAAO

The excellent linear response of CCDs permits the techniqueof6 f Fael di ngo

Where:

m is the mean pixel value of an 3 n sub-array of the flat field CCD frame
r.is the value of the i t pixel in the raw CCD frame

f.is the value of the i t pixel in the flat field CCD frame

c, is the value of the i t pixel in the corrected CCD frame
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