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Exposure finished, buckets now contain samples of rain.
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Conveyor belt starts turning and transfers buckets. Rain collected on the vertical conveyor
Is tipped into buckets on the horizontal conveyor.




Vertical conveyor stops. Horizontal conveyor starts up and tips each bucket in turn into
the measuring cylinder .




After each bucket has been measured, the measuring cylinder
Is emptied , ready for the next bucket load.
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A new set of empty buckets is set up on the horizontal conveyor and the process
IS repeated.




Structure of a CCD

The image area of the CCD is positioned at the focal plane of the telescope. An image then builds up that
consists of a pattern of electric charge. At the end of the exposure this pattern is then transferred, pixel at a
time, by way of the serial register to the on-chip amplifier. Electrical connections are made to the outside
world via a series of bond pads and thin gold wires positioned around the chip periphery.

Image area Metal ceramic or plastic package

Connection pins

» Gold bond wires

Bond pads

Silicon chip

On-chip amplifier

Serial register



CCDs are are manufactured on silicon wafers using the same photo-lithographic techniques used

to manufacture computer chips. Scientific CCDs are very big ,only a few can be fit onto a wafer.

This is one reason that they are so costly.The photo below shows a silicon wafer with three large CCDs
and assorted smaller devices.

Don Groom LBNL



Spectral Sensitivity of CCDs and the Atmoshere

The graph below shows the transmission of the atmosphere when looking at objects at the
zenith. The atmosphere absorbs strongly below about 330nm, in the near ultraviolet part of
the spectrum. An ideal CCD should have a good sensitivity from 330nm to approximately
1000nm, at which point silicon becomes transparent and therefore insensitive.
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Over the last 25 years of development, the sensitivity of CCDs has improved enormously, to
the point where almost all of the incident photons across the visible spectrum are detected.
CCD sensitivity has been improved using two main techniques : back-side illumination and the
use of anti-reflection coatings.
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These are cheap to produce using conventional wafer fabrication techniques. They are used in

consumer imaging applications. Even though not all the photons are detected, these devices
are still more sensitive than photographic film.

They have a low Quantum Efficiency due to the reflection and absorption of light in the
surface electrodes. Very poor blue response. The electrode structure prevents the use of
an Anti-reflective coating that would otherwise boost performance.



Anti-Reflection Coatings

Silicon has a very high Refractive Index N. This means that photons are strongly reflected

from its surface.

N of air or vacuum is 1.0, glass is 1.46, water is 1.33, Silicon is 3.6. Using the above equation we can
show that window glass in air reflects 3.5% and silicon in air reflects 32%. Unless we take steps to
eliminate this reflected portion, then a silicon CCD will at best only detect 2 out of every 3 photons.

i interface between two mediums of —

n Fraction of photons reflected at the
differing refractive indices

The solution is to deposit a thin layer of a transparent dielectric material on the surface of the CCD. The
refractive index of this material should be between that of silicon and air, and it should have an
optical thickness = 1/4 wavelength of light. The question now is what wavelength should we choose, since

we are interested in a wide range of colors.



With an Anti-reflective coating we now have three mediums to consider :

Nn. Air

AR Coating

Silicon

(20 \S
N

n, x N-N
N, x N+N

The reflected portion is now reduced to :

wn DN

2 . . . :
In the case where ns — n ¢ the reflectivity actually falls to zero! For silicon we require a material

with N = 1.9, fortunately such a material exists, it is Hafnium Dioxide. It is regularly used to coat
astronomical CCDs.



Thinned Back-side Illuminated CCD

g — Anti-reflective (AR) coating
g’ . p-type silicon
= n-type silicon
=== Silicon dioxide insulating layer
15um === Polysilicon electrodes

The silicon is chemically etched and polished down to a thickness of about 15-40 microns. Light enters
from the rear and so the electrodes do not obstruct the photons. The QE can approach 100% .

These are very expensive to produce since the thinning is a non-standard process that reduces the
chip yield. These thinned CCDs become transparent to near infra-red light and the red response is
poor. Response can be boosted by the application of an anti-reflective coating on the thinned
rear-side. These coatings do not work so well for thick CCDs due to the surface bumps created
by the surface electrodes.

Astronomical CCDs are Thinned and Backside Illuminated.



Quantum Efficiency Comparison

The graph below compares the quantum of efficiency of a thick front-side illuminated CCD and a
thin back-side illuminated CCD.
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Indirect-gap semiconductors
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Germanium Silicon

Silicon: hv >2.5eV (A ~ 500 nm): Intense absorption via direct gap

hv < 2.5 eV: Less efficient absorption requiring phonons for
momentum (wave vector K) conservation (h/A << h/a where a
Is the lattice constant and A is the photon wavelength)



Quantum Efficiency of Back-Illuminated CCDs
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Internal structure of a CCD

A small section (a few pixels) looking down onto the image area of a CCD. This pattern is reapeated.

/ Chan@l stops to define the columns of the image

Plan View Transparent
horizontal electrodes
_ to define the pixels
One pixel vertically. Also

used to transfer the
charge during readout

Electrode
Insulating oxide

) n-type silicon
Cross section yP

p-type silicon

Every third electrode is connected together. Bus wires running down the edge of the chip make the
connection. The channel stops are formed from high concentrations of Boron in the silicon.



Below the image area (the area containing the horizontal electrodes) is the ‘Serial register’ . This also
consists of a group of small surface electrodes. There are three electrodes for every column of the image area

On-chip amplifier
at end of the serial

Serial Register i
register

Cross section of
serial register

Once again every third electrode is in the serial register connected together.



Photomicrograph of a corner of a CCD
160um
>

Image Area
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Serial Register
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The serial register is bent double to move the output amplifier away from the édge
of the chip. This is useful if the CCD is to be used as part of a mosaic.The arrows
indicate how charge is transferred through the device.



Photomicrograph of the on-chip amplifier of a CCD and its circuit diagram

Output Drain (OD)
20um :
e Gate of Output Transistor

Output Source (OS) sw@rR  RD OD

ON®) o O
Output Node
) - Reset_
E ___— Reset Drain (RD) Transistor
Summing  Output
Well Node Output
¢R Serial Register Electrodes _._| t Transistor
-Tr-
. | 0S
Summing Well (SW) | o

Substrate

Last few electrodes in Serial Register



Electric Field in a CCD

The n-type layer contains an excess of electrons that diffuse into the p-layer. The p-layer contains an
excess of holes that diffuse into the n-layer. This structure is identical to that of a diode junction.

This diffusion creates a charge imbalance and induces an internal electric field. The electric potential
reaches a maximum just inside the n-layer, and it is here that any photo-generated electrons will collect.
All science CCDs have this junction structure, known as a ‘Buried Channel’. It has the advantage of
keeping the photo-electrons confined away from the surface of the CCD where they could become trapped.
It also reduces the amount of thermally generated noise (dark current).

Electric potential

_ Potential along this line shown
in graph above.

c

Cross section through the thickness of the CCD



During integration (exposure) of the image, one of the electrodes in each pixel is held at a positive potential.
This further increases the potential in the silicon below that electrode and it is here that the photoelectrons are
accumulated. The neighboring electrodes, with their lower potentials, act as potential barriers that define

the vertical boundaries of the pixel. The horizontal boundaries are defined by the channel stops.

Electric potential

Region of maximum
potential




Deep Depletion CCDs

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

Cross section through a thick front-side illuminated CCD

In this region the electric potential gradient
is fairly low i.e. the electric field is low.

Electric potential

Potential along this line
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.



Deep Depletion CCDs

In a thinned CCD , the field free region is simply etched away.

Cross section through a thinned CCD

There is now a high electric field throughout the
full depth of the CCD.

Electric potential

Thinned CCDs may have good blue
This volume is response but they become transparent

etched away at longer wavelengths; the red response
during manufacture suffers

ﬁed photons can now pass
right through the CCD.

Photo-electrons created anywhere throughout the depth of the device will now be detected. Thinning
Is normally essential with backside illuminated CCDs if good blue response is required. Most blue
photo-electrons are created within a few nanometers of the surface and if this region is field free,
there will be no blue response.



Deep Depletion CCDs

Ideally we require all the benefits of a thinned CCD plus an improved red response. The solution is to use a
CCD with an intermediate thickness of about 40um constructed from Hi-Resistivity silicon. The increased
thickness makes the device opaque to red photons. The use of Hi-Resistivity silicon means that there are no field
free regions despite the greater thickness.

Cross section through a Deep Depletion CCD

Electric potential

Hi resistivity silicon contains much lower

impurity levels than normal. Very few wafer

fabrication factories commonly use this

material and deep depletion CCDs have to
be designed and made to order.

Red photons are now absorbed in
the thicker bulk of the device.

There is now a high electric field throughout the full depth of the CCD. CCDs manufactured in this way
are known as Deep Depletion CCDs. The name implies that the region of high electric field, also known as
the “depletion zone’ extends deeply into the device.



Deep Depletion CCDs

The graph below shows the improved QE response available from a deep depletion CCD.

QE Comparison
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The black curve represents a normal thinned backside illuminated CCD. The Red curve is actual data from

a deep depletion chip manufactured by MIT Lincoln Labs. This latter chip is still under development.The blue
curve suggests what QE improvements could eventually be realised in the blue end of the spectrum once

the process has been perfected.



Another problem commonly encountered with thinned CCDs is ‘fringing’. The is greatly reduced
in deep depletion CCDs. Fringing is caused by multiple reflections inside the CCD. At longer
wavelengths, where thinned chips start to become transparent, light can penetrate through and be
reflected from the rear surface. It then interferes with light entering for the first time. This can give
rise to constructive and destructive interference and a series of fringes where there are minor
differences in the chip thickness.

The image below shows some fringes from a thinned CCD

For spectroscopic applications, fringing can render some thinned CCDs unusable, even those
that have quite respectable QEs in the red. Thicker deep depletion CCDs , which have a much
lower degree of internal reflection and much lower fringing are preferred by astronomers

for spectroscopy.



Charge Collection in a CCD

Photons entering the CCD create electron-hole pairs. The electrons are then attracted towards
the most positive potential in the device where they create ‘charge packets’. Each packet
corresponds to one pixel
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Charge Transfer in a CCD

In the following few slides, the implementation of the ‘conveyor belts’ as actual electronic
structures is explained.

The charge is moved along these ‘conveyor belts’ by modulating the voltages on the electrodes
positioned on the surface of the CCD. In the following illustrations, electrodes color coded red
are held at a positive potential, those colored black are held at a negative potential.
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On-Chip Amplifier

The on-chip amplifier measures each charge packet as it exits the end of the serial register.

RD and OD are held at +5V
constant voltages SW o

SW@R  RD OD =Y

@) O O +10V. . B

oV — —
Reset ] ]
Transistor
Vout
Summing  Output
Well Node Output
--end of serial register Transistor
(The graphs above show the signal waveforms)
0S The measurement process begins with a reset
—Q—l = Vout of the ‘reset node’. This removes the charge

remaining from the previous pixel. The reset
node is in fact a tiny capacitance (< 0.1pF)
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The charge is then transferred onto the Summing Well. Vout Is now at the ‘Reference level’

SW o o

-5V

sw @R RD OD
@) O O 10V,

BR

Reset ]
Transistor
Vout

Summing  Output
Well Node Output
Transistor

--end of serial register

oS There is now a wait of up to a few tens of

—Q—| = Vout microseconds while external circuitry measures

this ‘reference’ level.




The charge is then transferred onto the output node. Vout now steps down to the “Signal level’

45V
SW w
sW@R  RD OD 5V B -
@, O O 1OV, B
3R
ov — |

Reset ] T
Transistor
VOU'[

Summing  Output
Well Node Output
--end of serial register Transistor

J
_ 0S This action is known as the ‘charge dump’
Q I I_ Vout The voltage step in Vout IS as much as
several pV for each electron contained
in the charge packet.

L



Vout Is now sampled by external circuitry for up to a few tens of microseconds.

+5V
SW o
-5V — —
sw@rR  RD OD
10V
@) o O Y ]
o — —
Reset [ ] ]
Transistor
Vout
Summing  Output
Well Node Output
--end of serial register Transistor
0S The sample level minus the reference level will
_Q_l |— Vout be proportional to the size of the input charge

packet.
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Correlated Double Sampler

The video waveform output by a CCD is at a fairly low level : every photo-electron in a pixel
charge packet will produce a few micro-volts of signal. Additionally, the waveform is
complex and precise timing is required to make sure that the correct parts are amplified and
measured.

The CCD output video waveform is shown below for the period of one pixel measurement
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Reset feedthrough  Reference level Charge dump  Signal level

The video processor must measure, without introducing any additional noise, the Reference level
and the Signal level. The first is then subtracted from the second to yield the output signal voltage
proportional to the number of photo-electrons in the pixel under measurement. The best way to
perform this processing is to use a ‘Correlated Double Sampler’.



Correlated Double Sampler (CDS)

The CDS design is shown schematically below. The CDS processes the video waveform and outputs
a digital number proportional to the size of the charge packet contained in the pixel being read. There
should only be a short cable length between CCD and CDS to minimize noise.The CDS minimizes the
read noise of the CCD by eliminating ‘reset noise’. The CDS contains a high speed analog processor
containing computer controlled switches. Its output feeds into an Analog to Digital Converter (ADC).

OoD _ . Reset switch
CCD On-chip Amplifier \ Integrator
Pre-Amplifier Inverting Amplifier
o —e

Computer Bus

\
T,_D?\" 0 N ADC

Input Switch Polarity Switch



The CDS starts work once the pixel charge packet is in the CCD summing well and the CCD reset
pulse has just finished. At point t,the CCD wave-form is still affected by the reset pulse and so
the CDS remains disconnected from the CCD to prevent this disturbing the video processor.

ty t

Output wave-form of CCD Output voltage of CDS
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Between t, and t,the CDS is connected and the ‘Reference “ part of the waveform is sampled.
Simultaneously the integrator reset switch is opened and the output starts to ramp down linearly.

Lo

\_Y_I

Reference
window
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Between t, and t, the ‘charge dump’ occurs in the CCD. The CCD output steps negatively by an amount
proportional to the charge contained in the pixel. During this time the CDS is disconnected.
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Between t, and t,the CDS is reconnected and the ‘signal’ part of the wave-form is sampled. The input to
the integrator is also ‘polarity switched’ so that the CDS output starts to ramp-up linearly. The width of the
signal and sample windows must be the same. For Scientific CCDs this can be anything between 1 and 20
microseconds. Longer widths generally give lower noise but of course increase the read-out time.
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Signal
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The CDS is then once again disconnected and its output digitized by the ADC. This number , typically a
16 bit number (with a value between 0 and 65535) is then stored in the computer memory. The CDS
then starts the whole process again on the next pixel. The integrator output is first zeroed by closing

the reset switch. To process each pixel can take between a fraction of a microsecond for a

TV rate CCD and several tens of microseconds for a low noise scientific CCD.

t1 PR t4

This type of CDS is called a “dual slope integrator’. P
A simpler type of CDS known as a ‘clamp and sample’ =)
only samples the waveform once for each pixel. ] S
It works well at higher pixel rates but is noisier S
than the dual slope integrator at lower pixel rates. I >
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digitized
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