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Charge Coupled Devices—
Digital Cameras

Huizi Drwu, Department of Electrical and Computer Engineering

Abstrace—The definition of CCDz (Charge Coupled Devices)
and operation principlez are prezented. The mplementation and
featurez of CCDz uzed in digiial cameraz are explained az an
inztance, comparing with conventional cameraz and CADS,

Index Terms—CCD, CAIOS, frame, potential well, pixel.

[. INTRODUCTION

cDs (Charge Coupled Devices) are fundamentally silicon

based amrays of MOS (Metal-Oxide-Silicon) diodez which
have the al:ﬂllh to store and fransfer mformation through
maveral I:hﬂIF.'CE packets[1]. Although CCD waz ongmally
mvented in 1969 by Willard Boyle and George Smuth at AT&T
Bell Labs as a “semiconductor bubble” memory device, 1t 13
more mtended to be used as an image sensor, which is the result
of itz advantape of hight sensitvity. In fact, immediately after
1969, 1t was realized by the researchers that it is able to capiure
IMages 1IN an Jmp-:rrtant property of CCD which was well

L:n-u-u‘nas.phntnele-:m::al effect. Several companies, hike Texas
Instruments and Fairehild Semiconductor at that time began to

mvest in the develn-pment and research on commercial devices
employing CCDs [2, 5]. Mamnly based on CCD, m the past
twenty years; dipital camera turns out fo be one of the most

]:m:al mstances bmlt i the pnnciple of converting analog
signals to digital information. CCDs make the transfer of image

from camera to computers fo be posmible, which was never
thought about when the conventional cameras were donmunant.

II. WORK PRINCIPLE OF CCD

A Structure of CCD

CCD can be bult on erther n-type or p-type semiconductor
subsirate, according to which CCD 13 named n-type or p-type,
respectively. Actually, there 15 another sihecon dioxide layer
above the substrate on which several “clozely based” [1]

electrodes are placed, forming an array. We can easllj. zee that
the structure of CCD 1z very similar to the structure of MOB

(Metal Omde Silicon). Therefore, 1t 13 reascnable to regard
CCD a=z MOS device [1].

B Potential well

Suppose we are dealmg with p-type CCD. When applving a
positive voltage named V1 at the elecirodes, there will be a
depletion region since the majornity cames (holes) are pushed
away from the surface of the p-fype subsirate. In the case of

standard operation, for each seme: of three metal electrodes
(gates), the bias positive voltage 13 sipnificantly greater at the
center gate compared with each of the other two neighbors [1].
Through thiz method, the depletion region nght beneath the
center gate will extend more deeply. Thiz deepened depletion
regicn 13 called a potential well. When light excites, electrons
from the valence band to the conduction band, the electrons
will be mmmediately captured by the potential well, senerating a
charge packet.

However, the mplementabon of directly placing oxide
laver above the substrate may canze some problems of surface
uregularities. Ann-type “buried” channel can be uzed to solve
thiz problem In order to mmplement the “buried™ channel a
thin n-type region i1z formed on the surface of substrate.
Therefore, the minimum of the potenhal well where the
channel wall be formed 13 totally inside the n-type layer, which
will decreaze surface imepulanties. Alse note that the
elecirodes used could be metal, however, not necessanly,
zince I most cases a heavily doped polycrystalline sihicon
laver 13 emploved [4].

C. Piel

To constrain each captured charge i the postton of the
incident photon, heavily p-doped material named channel
stops, are often implanted near the surface of the p-type
substrate, forming parallel narrow columns [3]. Under each
channe] stop, there 1z usually a p+ doped region to provide
further barmier to the electrons in the charge packets. Pr-:rf.'idan:
that the channel stops are parallel to the “charge carmy™ regions,
and combming with the mplementation of app]le-:i voltage at
the gates (much higher at center than the other fwo nearby for
each three series gates in one column), the maxmom potential
wells are 1zolated n two dimensions, creating a pixel, or picture
element. As photons sinke a pixel, the excited electrons are
trapped by the nearby potential well, generating a charge packet
which 13 constrained by the barmmer mentioned above. The
number of elecirons captured m one pixel thuz corresponds to
the number of photons which strike thiz pixel, providing a tiny
cell of information we want to know for a certain image.

L. Readowt

For the zimplest way of the readout operation, charge 13
shfted along each column to the register at the comer of each
pixel array where a single circuit 15 provided to measure the
charge captured by each pixel. This process i1s fulfilled through
pulzating the bias voltapes sequenhally. The shifted charpes
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along a column are then dumped to another pixel zenes called
zeridl line at the bottom and i1z perpendicular to the columms.
For an N-column array, there will be N shifts along the senal
line for each shift along a colunm Finally, the charge iz
dumped to a capacitor in the comer of the pixel array, where the
cauzed voltage of the charge 1z detected and amplified for the
last step through an Analog-to-Digital Converter (AD(C) [3].
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Fizure 1. The simplified process of charze transfer from ons pixel to another

E  ADC (Analog-to-Digital-Converter)

The resultmg analog =ignal 1z comverted to digital
information which can be used m omne’s computer. An
Analog-to-Dhpital-Converter (ADC) turns the analog value of
each pixel to the digital value which 1z bmary form. In fact, thiz
process conceals the most attrachve property of CCDs, which
leads to the robust of digital cameras.

[TI. DIGITAL CAMERAS

Baszed on the operation pnmciple of CCD dizcusszed above,
the mmplementation of digital cameras 1z totally different from
that of the conventional cameras. Conventional cameras
depend entirely on chemical and mechanical process without
amy operation related to electrnical mechanizms whereas digital
cameras emplov electrical devices to get am mmage They
sample the hght which bounces off the subject and fum the light
(photon) mto a series of pixel values (charge packets) and then
break them down to digital representation of data as we
miroduced for the principle of all the CCD=.

A CCD architectures used in digital cameras [6]

Full frame CCD=—The smmplest architecture. The whole

area of the sensor 1z photozensitive and the process of readout
15 the zame as we nitoduced in the second part of this paper.
Full frame CCDs are the most sensifive sensor in many ways.
However, while the charge 1z shified (iransferred) to the
readout register the light 1z still falling on the senzor, whach wall
cause the smear of the image. Sometimes, a mechanical shutter
15 used, covering the sensor while the cumulated charge 13 in
the readout process, althoupgh there may be some other simation
which does not need shutter, e g., when a source of pulsed lhight

1z used.

Frame Transfer CCD=—An opaque mask 15 uzed to cover
half of the area of the zen=or (z1licon area). This area can also be
considered as a storage area. Without mechanical shutter, the
image 15 fransfemred from the area without mask (active area) to
the storage area with only a hitfle smear (a few percent). Then
the charge 13 flipped to the readout from the storage area At the
same time, the signal 15 infeprated on the hight-zenzitive part of
the zensor. Frame fransfer CCDs have the advantape of less
smeanng compared with full frame CCDs, the cost for which is
twice as large as the area of milicon and thus a verv ugh price.

Interline fransfer CCDs—Interline masks are mcorporated in
thiz lond of senscr. The mterline masks can be regarded as
charge fransfer channels cover every other column of mihicon
area for storage. Therefore, only cne shift 15 needed for the
cumulated charge to be transfered from the active area to
storage area thus no mechanical shutter needed and much less
smearing will be caused. However, the price for this advantape
1z a 30 small light senszitive area which will result in dropping
the effective gquantum efficiency by approximately 30%.

Microlenses aray: are being used to e this
dizadvantage fo increase the photodicde fill factor.
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Fizgure 2. Three types of CCD sansor architectures. 2. Full frame architecture, b,
Frame transfer architecture, . Interline transfer architechare

Unfortunately, no matter which architecture of sensor 1s
used, the image received from the converting process 13 without
color since the sensor can only record the mtensity of light, 1.e.,
the amount of the photons sinke the surface of CCD. Therefore,
for digital cameras, they need filters to capture the color for a
ceTtaln Image.

B, Iypes of ways fo capture color (3, 7]

There are three kinds of colors to form a full image, which
are preen, red and blue, wiich are conmonty named primary
colors.
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One method for captunng color image, three separate
zensors With three differently colored filters (each mm one
pnmary color) can be used to implement a camera. A zo-called
beam sphiter “gmdes™ the hpht to three sensors. The filter
above each sensor will then separate the pnmary celer from the
light to each senzor. In other words, each sensor of the three can
only detect cne of the three primary colors but since the light is
equally separated, every sensor will have the equal knowledge
of a certain mage. The use of three sensors plus three filters
makes the camera really bulky and expensive. Therefore, this
method 1= usually used for the applications which require very
high quality image.

The zecond solution emplovs an idea to rotate a senes of
prmary colors, red, blue and green ahead of only one senzor.
The “spinning dizk™ rotates exiremely fast zo that the sensor 1z
able to record three zeparate image almost at the same time. At
each pixel of the sensor, mformation in the colors of red, blue
and green will all be detected. Although thiz 1dea zounds preat,
if we think about the practical application, 1t tuns out to be not
that attractive since m fact the three separate images won't be
captured at exactly the same moment.

The last but most important methed for color capturing 1= to
place a “color filter array™ above each of the “photosites™ [3]. A
Bayer filter 1z the most widely used filter to fulfill this
implementation. This filter 1z separated to several rows and
columns in the colors of red, blue and green. Since the human
eye 13 more sensitive to green than to other two pnimary celors,
the pixels in green 15 fwice as many as pixels m blue or that of
red. By imterpolation (a2 method to analyze the information in
order to get a reazonable estimate about the mformation of a
certain position), it 13 findamentally possible fo obtain very
accurate mformation of the full color spectrum at the certain
location, 1.e. pixel. In this method, only one zensor 1= required.
It abzsolutely guarantees that the celored mformation (red, green
and blue) 15 recorded at exactly the same time. It 13 more
practical, useful and nmch smaller.

The choice of different types of CCD architectures and filters
dependents on applications as well az the conmideration of
several elements, e. g, price, weight, size and some other
focuzes. As has been dizcuszed, CCD zensorz have zeveral
properties lead it to be widely uwsed in digital camera
applications. However, some cameras implement another
technelegy called CMOS (Complementary Metal Oxide
Semiconductor) mstead The companson of the two different
technologies tums to be important.

IV. ccDvs cuMos [8, 9]

CCD and CMOS are different technologies to dizitally
capture image. Both CCD and CMOS mage zensors base on
the work prnciple to convert light inte elecirical charges
althouph the structures of them are different

Az miroduced above, CCD zenzors use a register mn the
comer of each pixel amay to collect charpes which are then
converted to digital values by ADC. It 1z to zay, there are
usually only cne output node for a CCD senszor which outputs

off-chip analog zignal. Different from this, for CMOS mape
sensors, there are zeveral charpe-to-veltagpe conversions
(franzistors) and the sensor also has amplifiers and circuits for
dipitalize zignals. In other words, CMOS mmape zensors can
output off-chip digital signal without ADC. Compansons of
features of CCD and CMOS are shown as table 1.

TABLEI

FEATURES AND FERFORMARNC E OF CUD AR CMOS
Faature LD - CMOS
Siznal put of pixel Charge Packet voltaze
Siznal put of chip Analeg Drigital
Fill factor Hizh Moderate
Systam MNoise Low Modarats
Sanzor Complexity Low Hizh
Ralative RED Cozt Lower Hizher
Uniformity Hizh Low to Moderate
Spead ~ Moderate to Hish = Hisher

We can see that for the technologies of CCD and CMOS,
each has certam advantage and disadvantape on some aspects.
It 15 unreazonable to prefer cne technology while discarding the
other. Although most digital cameras choose CCDs, there iz
alzo a bright future for CMOS technology.

V. CONCLUSION

The advantages of CCDs make 1t to be favored by many
vendors and research crgamzatioms. In thewr apphcahon of
dipital cameras, the requirement of smaller size and lower
power consumption are the trend of CCDs= design [10] smce
there iz always a tradeoff between the size of sensor and the
quality of image.
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