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Introduction to CCD camera
Charge Coupled Device (CCD)
photo sensor coupled to shift register

Jörg R. Hörandel
Radboud University Nijmegen

http://particle.astro.ru.nl/goto.html?astropract1-1112

1970: first articles on CCD
W.S. Boyle, G.E. Smith,
Bell Systems Technical Journal 49 (1970) 587

G.F. Amelio, M.F. Tompsett, G.E. Smith,
Bell Systems Technical Journal 49 (1970) 593

1970: first articles on CCD

Boyle & Smith

Semiconductor: doping Si
doping: mix small amount of impurity to silicon crystal
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P-type: dope with boron or gallium
one electron less -> „hole“
p conductor
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N-type: dope with phosphorus or arsenic
5th electron is free
n conductor

Photo(electric) effect
liberation of electrons through incoming light
energy per photon: E = hν
band gaps

The CCD is manufactured on a silicon wafer by a large-scale integration process including a
series of complex photolithographic steps. The silicon substrate is doped, usually with boron, to
form p-type silicon, a material in which the main carriers are positively charged electron holes.
Usually the photoactive layer is an epitaxial (layer-by-layer) grown layer on top of heavily
silicon.
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CCD working principle
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Fig. 3.
A MOS capacitor used as a light sensitive device.

on the CCD surface. When a positive voltage is applied to an electrode, all of the
negatively charged electrons will be attracted to the area beneath the electrode
(Fig.3). At the same time, positively
charged holes will be repelled from the
electrode area, forming a “potential well”
(located deep within the silicon in an area
known as the depletion layer, see Fig.1) in
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MOS: metal oxide semiconductor
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In a special back side illuminated device, the thickness of the device is thinned from the back side in
order to reduce absorption in the gate structures and thus increase sensitivity. This is particularly
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In early CCDs charge flowed along the Si-Si oxide interface, so called surface channel CCD.
This limited the charge transfer efficiency because of charge trapping at interface states. In most
modern CCD devices, certain areas of the surface of the silicon are n-doped, usually by
phosphorous ion implantation in order to avoid charge being trapped in surface states, and to
define the channels in which the charge packets will travel below the interface during read-out
(so called buried channel devices). The gate electrodes are usually made of polysilicon, which
has suitable properties regarding conductivity and transparency. The gates are deposited on top
of the silicon oxide, which in turn is grown on top of the silicon substrate. In order to prevent
charge spreading between adjacent pixel columns one introduces channel stops which are
strongly p-doped regions.

CCD working principle

3. read out:
transfer charge
apply differential voltage across gates

Fig. 4. The sequence of collecting and moving
the charge along a column of a CCD detector.
The charge generated by photons is forced to
move one step at a time through the application of voltage pulses on the electrodes.

The read-out of the CCD is made by applying
pulse trains to the electrodes. Each pixel is
covered by several electrodes, typically three
as shown in the figure although only one
electrode is required to create the potential well
that stores the charge. The other two electrodes
are used for the charge transfer process by
applying a three-phase voltage source. Fig. 4
illustrates the sequence for the movement of
the charge one step along the columns of the
CCD. By repeating this cycle, charge is
transferred down the columns to eventually
end up in a terminal row which is read out
serially and perpendicularly to the columns.
The serial read-out of each of the rows along
the edge of the CCD is made such that each
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CCD working principle
3. read out:
transfer charge
apply differential voltage across gates

W.S. Boyle, G.E. Smith, Bell Systems Technical Journal 49 (1970) 587

CCD working principle
5. sequential read out column after column
6. detect charge - individual charge packets are converted
to an output voltage in digitized form

pixels are arranged
on regular grid

Fig. 2. The principle behind read-out of a CCD chip. One row at a time is shifted through an A/D
converter which makes the output signal digital.

The CCD is manufactured on a silicon wafer by a large-scale integration process including a
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Major sources of noise in CCD images
Dark Current
caused by thermally generated electrons
-> temperature dependence

Pixel Non-Uniformity
each pixel has a slightly different sensitivity to light,
typically within 1% to 2% of the average signal.
-> flat-field image

Shot Noise
random arrival of photons. This is a fundamental
trait of light.
-> longer exposure or combining multiple frames

CCD Read Noise (On-chip)
There are several on-chip sources of noise that can
affect a CCD. CCD manufacturers typically combine
all of the on-chip noise sources and express this
noise as a number of electrons RMS (e.g. 15eˉ RMS).

CCD Noise Sources and Signal-to-Noise Ratio

B background photon flux

http://learn.hamamatsu.com/articles/ccdsnr.html

CCD Noise - Dark current

http://learn.hamamatsu.com/articles/ccdsnr.html

CCD Noise - Dependence on temperature

modern CCD
10 M pixel

Advantages of CCD
¾Quantum efficiency (QE) ~ 80 %
¾Low noise.
¾High dynamic range(~50K).
¾High photometric precision.
¾Very linear behavior.
¾Immediate digital conversion of data.
¾Low voltages required (5V-15V)
¾Geomatrically stable (Good for astronomy).
¾Rapid clocking.

consisting of mosaics of CCD chips with a total of over 5 gigapixels.
As already stated, the applications within astronomy are scientifically very important.
Example:
CCD camera on Hubble Space Telescope
The Hubble Space Telescope is equipped with several CCD cameras for different purposes,

Fig. 8. The galaxy cluster Abell 2218. Image: WFPC2, Hubble Space Telescope, NASA.
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