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Introduction to CCD camera
Charge Coupled Device (CCD)

photo sensor coupled to shift register
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Semiconductor: doping Si
doping: mix small amount of impurity to silicon crystal

N-type: dope with phosphorus or arsenic
              5th electron is free
              n conductor

P-type: dope with boron or gallium
             one electron less -> „hole“
             p conductor
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liberation of electrons through incoming light
energy per photon: E = hν

Photo(electric) effect

band gaps
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Fig. 1. The basic MOS structure 

 
 

technology and was planning to transfer funds from Bill’s division to the other 
where the bubble work was being done. For this not to happen, Morton demanded 
that Bill’s division should come up with a semiconductor device to compete with 
bubbles. To address this demand, on 17 October 1969, Bill and I got together in his 
office. In a discussion lasting not more than an hour, the basic structure of the 
CCD was sketched out on the blackboard, the principles of operation defined, and 
some preliminary ideas concerning applications were developed. The train of 
thought that evolved was as follows. 
 

First, the semiconductor analogy 
of the magnetic bubble is needed. 
The electric dual is a packet of 
charge. The next problem is how 
to store this charge in a confined 
region. The structure that came to 
mind was a simple MOS capacitor 
in depletion ([Fig. 1]; the MOS 
capacitor structure is the principal 
element of the second contributing 
and strongly pursued technology, 
MOS integrated circuits.)”  

 
The CCD is a metal-oxide semiconductor (MOS) device that can be used as a detector to record 
images in electronic form, and thus it offers a modern alternative to the photographic film.  
The surface structure of the CCD is made as a matrix of a large number of light-sensitive small 
cells, or pixels, arranged horizontally in rows and vertically in columns (Fig. 2). The pixels 
comprise MOS capacitors (which would correspond to the grains of the photographic film). 
When a photon of light impinges upon the area defined by one of the pixels it will be converted 
by the photoelectric effect1 into one (or several) electrons that are stored in the capacitor. The 
number of electrons collected in the different pixels will be directly proportional to the light 
intensity at each pixel. Thus, the distribution of charge in the pixels is an analog representation 
of the image. By reading out the contents of the different pixels using successive charge shifting 
one can reconstruct the image (Fig. 2).  
 
 
 
 
 
 
                                                      
1 Photons can liberate bound electrons by the photoelectric effect. The bandgap of silicon is 1.14 eV,  
and photons with energy above that can liberate electrons. A. Einstein received the 1921 Nobel Prize  
in physics for explaining the photoelectric effect. 
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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  
p-doped silicon. The front side of the device hosts gate electrodes and the surface channel 
(oxide) layers, whereas the back side is bulk silicon, usually with a thin metal layer2. The 
anatomy of the CCD is such that it integrates the image recording capability with simple and 
efficient read-out. The read-out function can also be described in terms of an analog shift 
register that transports analog signals in a semi-continuous way, controlled by clock signals.  

 
The surface structure of the CCD is not 
formed by the silicon itself being arranged 
into individual pixels, but the pixels are 
defined by the position of electrodes (gates) 
on the CCD surface. When a positive vol-
tage is applied to an electrode, all of the 
negatively charged electrons will be at-
tracted 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 
which all the electrons produced by  
incoming photons will be stored. With  

                                                      
2 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 
important for wavelengths that are subject to strong absorption, such as vacuum ultraviolet radiation. 
 

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. 

Fig. 3.  
A MOS capacitor used as a light sensitive device.  

CCD working principle
1. photo effect: liberate electrons

2. collect charge - pixels (gates)

MOS: metal oxide semiconductor
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increased exposure to light the potential well under the electrode will increasingly attract elec-
trons until the potential well is full (often called full well capacity). To avoid overexposure the 
light must be blocked before this happens. This can be accomplished either by using a shutter as 
in a camera, or by fabricating the CCD so that it has inactive areas to which the contents of the 
pixels can be rapidly transferred awaiting read-out while the active part of the CCD can con-
tinue to collect light. Methods used are full frame, when the charge holding region is completely 
integrated with the light sensing region, and light is collected over the entire imager simul-
taneously. This allows almost the entire area to collect light (close to 100% fill factor). But to 
transfer and store the image, one then needs a physical shutter; a frame transfer, where light is 
collected over the entire imager and rapidly transferred to a charge holding area of equal size; 
from this light shielded area, the image can be read out while the next one is being collected; an 
interline transfer where there are light shielded CCD columns adjacent to the active ones, with 
rapid transfer and read-out of the charge. This means a lower fill factor, but certain compen-
sations can be made using small lenses. 
 
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. 

 
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 

 
 
 
 
 
 
 
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 applica-
tion of voltage pulses on the electrodes. 

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



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
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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  
p-doped silicon. The front side of the device hosts gate electrodes and the surface channel 
(oxide) layers, whereas the back side is bulk silicon, usually with a thin metal layer2. The 
anatomy of the CCD is such that it integrates the image recording capability with simple and 
efficient read-out. The read-out function can also be described in terms of an analog shift 
register that transports analog signals in a semi-continuous way, controlled by clock signals.  

 
The surface structure of the CCD is not 
formed by the silicon itself being arranged 
into individual pixels, but the pixels are 
defined by the position of electrodes (gates) 
on the CCD surface. When a positive vol-
tage is applied to an electrode, all of the 
negatively charged electrons will be at-
tracted 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 
which all the electrons produced by  
incoming photons will be stored. With  

                                                      
2 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 
important for wavelengths that are subject to strong absorption, such as vacuum ultraviolet radiation. 
 

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. 

Fig. 3.  
A MOS capacitor used as a light sensitive device.  

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
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charge packet in turn is amplified and converted to digital form. Thus, the entire content of the 
CCD is converted into an array of numbers representing the integrated intensity of each pixel. 
This array of numbers can readily be used to reconstruct the image recorded by the CCD. 
 
In order to record color images filter techniques are used.  
A common type is named Bayer filter and it is a mosaic 
color filter array for arranging RGB color filters on a grid 
of photosensors. The filter pattern is 50% green, 25% red 
and 25% blue, owing to the sensitivity of the human eye 
(Fig. 5). The technique requires effectively 4 pixels for 
each resolution element, which restricts the detector resolu-
tion by this factor compared to a black and white detector. 
Improved color schemes exist, e.g. using a dichroic3 
beamsplitter and several CCDs one achieves higher sensitivity. For scientific imaging, a large 
number of filters may be used in order to record spectroscopic information. The sensitivity of a 
CCD depends on the wavelength and the type of device. The quantum efficiency is the proba-
bility that an electron be produced by the photoelectric effect from an impinging photon. CCDs 
have high quantum efficiencies with values approaching 90%. 
 
An important property of an imaging detector is its dynamic range, i.e. its ability to image very 
bright and very faint light sources at the same time. The dynamic range is determined by the 
ratio between the full well capacity and the noise level. A common figure for the full well capac-
ity is over 105 electrons, and the read-out noise level is a few electrons, so that the dynamic 
range can be of the order of 50000. 
 
The resolution of a CCD is determined by the size of the pixels. Typical pixel sizes are 10 
microns and even 1-2 micron CCDs are possible to fabricate. Regarding sizes 2048x2048 pixels 
CCDs are standard today. 
 
The hour long discussion between Boyle and Smith in 1969 that was referred to earlier led to an 
enormous development of practical and scientific instrumentation based on CCDs: digital 
cameras, medical devices and high performance scientific instrumentation, not least for astron-
omy and astrophysics. These will be discussed below after a section regarding another important 
solid-state image sensor technology, the CMOS image sensor. 
 
CMOS stands for complementary MOS (transistor) technology, where an n- and a p-channel 
device are used together to provide logic circuitry with very low power consumption since 
energy is necessary only during the switching process, e.g. from a “zero” to a “one”. CMOS 
technology is the key to the very large integrated circuits available today. (The Nobel Prize in 
Physics the year 2000 was awarded to Jack Kilby for his part of the invention of the integrated 

                                                      
3 Dichroic means that different colors are refracted differently so that they can be physically separated. 

 
 
 
 
 
 

Fig. 5 

CCD working principle

color images through RGB (red green blue) filter



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).

Major sources of noise in CCD images



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 CCDAdvantages of CCD

Quantum efficiency (QE) ~ 80 % 
Low noise.
High dynamic range(~50K).
High photometric precision.
Very linear behavior.
Immediate digital conversion of data.
Low voltages required (5V-15V)

Geomatrically stable (Good for astronomy).
Rapid clocking.
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circuit). CMOS was invented in the 1960’s and CMOS sensors appeared by the end of the same 
decade, where the charge generated in a photosensitive sensor reversed biased pn-junction was 
read by a CMOS circuit. In CMOS image sensors each pixel is read individually and addressed 
like in normal integrated circuit arrays. Since each pixel is required to have several transistors 
(two or more) and not only a light sensitive area, CMOS pixels are larger than CCD pixels. Also 
other factors like lower noise and higher sensitivity still often make CCD the natural choice for 
high performance digital cameras and in most medical and scientific applications. 
 

CCD image sensors have found important 
applications in many areas of society and 
science. They are found e.g. in digital cam-
eras, scanners, medical devices, satellite 
surveillance and in instrumentation for 
astronomy and astrophysics. There are tens 
of thousands of scientific publications that 
mention the use of CCDs and many millions 
of digital cameras that use CCD sensors. 
Astronomy with astrophysics has become a 
significant application area for CCDs.  One 
of the largest CCD imagers built for scien-
tific applications (for PAN-STARRS, the 

Panoramic Survey Telescope and Rapid Response System, in Hawaii) contains several cameras 
consisting of mosaics of CCD chips with a total of over 5 gigapixels.  
 
As already stated, the applications within astronomy are scientifically very important.  
The Hubble Space Telescope is equipped with several CCD cameras for different purposes,  

Fig. 6. A multi-megapixel camera CCD chip. 

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

Example: CCD camera on Hubble Space Telescope


