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BASIC OPERATION OF THE CHARGE COUPLED DEVICE 

D.J. Burt* 

INTRCDl:CTION 

The Charge Coupled Device (CCD) is a new type of silicon integrated cir-
cuit which is fabricated using conventional MOS processeso In operation, 
information isrepresented by a quantity of electric charge, as distinct 
from conventional circuits where current and voltage levels are generally 
usedo The device is basically a S·hift register; signal charges are stored 
and transferred in clocked shift register fashion under an array of closely 
spaced control electrodeso ·However, a unique feature of the CCD is that it 
will transfer analogue signals, \vhich can be introduced either electrically 
or opticallyo Thus, by providing suitableinput/output circuitry and 
clocking waveforms, the CCD can be employed to advantage in the following 
three main application areas: 

:1)· As an analogue shift register or defay line 
· ii) ·.As a serial memory for binary data storage 
iii)· As a solid state imagingdeviceo 

The following sections describe the basic operatio~ of the·charge .couoled 
deviceo. 

BASIC OPERATION 
.· . . . . 

The CCD operates by a mechanism of charge storage and transfer under an 
array of MOS contpol electl'•odes or gatP.s. Information in the form of 
electric charge is transferred along the silicon surface in clocked shift 
register fashion by sequential manipulation of the voltages on the control 
electrodes that constrain this charge. There are basically tvo types of 
CCD, sUY>face channel and buried channel. In the surface channel devices 
the charge is stored and transferred at the silicon surface whereas in buried 
channel devices the doping of the silicon substrate is modified such that 
the storage and transfer of charge takes place in the bulk silicon just be­
neath the silicon surfaceo There are also several different types of elec­
trode structure and clocking techni-ques commonly used to realise a practical 
charge coupled device. Initially, however, the basic operation of the CCD 
is described for surface channel operation with thPee p,hase electrodeso 
Buried channel operation and alternative electrode structures and clocking 
techniques are described latero 

1 CHARGE STORAGE 

The structure of a basic MOS CCD element (surface channel) is shown in 
Figure l(a)o Figure l(b) illustrates the manner in which the element 
stores chargeo The silicon substrate is shown in the figures as being 
p-type, but obviously n-type devices are also possibleo 

Application of a positive voltage +Vc to the electrode has the effect of 
repelling the positively charged majority earriers in the silicon (i.e. 
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holes in our case) away from the vicinity of the electrode. This region 
beneath the electrode that becomes depleted of holes is called a 
depletion region~ For a given electrode structure and substrate doping 
concentration, the extent of the depletion region into the silicon. is a 
function of the applied electrode voltage. information is stored 1n the 
depletion region in the form of minority carriers (Le. electrons 1n our 
case)~ Later sections.describe how this charge may be introduced to the 
structure by either electrical or optical meanso 

.The stored electrons are localised_at the Si/Si02 interface because they 
are attracted to the positive charge on the control electrode. The mag­

_nitude of the charge whi~h may be stored under a given electrode is 
variable up to a maximum value that is dependent upon the electrode s1ze 
and bias voltage. As the amount of charge stored is increased, the extent 
of the depletion region decreases in order to preserve overall charge 
neutrality in the systema 

The CCD is inherently a dynamic memory since the stored information dis-
· appears with increasing timeo The mechanism for this is the thermal 
generation of electron-hole pairs Hhich takes pl2ce in any semiconductor 
(commonly called dark current). This causes the depletion regions to be 
slowly filled wit!1 minority carriers which gradually mask the stored 
information. 

1 .,1 POTENTIAL WELL HODEL 

An alternative model, which is sometimes more useful in descr{bing the 
operation of a CCD, is to consider that the electrons are filling a 
potential we U formed by the potential ·minimum in the silicon which con ... 
strains the electrons to remain under the electrode. This is.evident from 
the energy-band diagrams shO"\ffi in Figure 2 which represent the two con- . 
ditions sho-vm in Figures l(a) and (b). The potential minimum at the silicon 
interface is generally referred to as the aurfaee potential, ¢5 • The sur­
face P?tenti~l for ~n empty well, ¢30 (Le. 'the depth of the potential 
well) 1s easdy der1ved from well known HOS equations:-

·.vhere B "" V 2££ qN/C 
0 . ox 

and VFB flat-band voltage 

~ilicon dielectric constant 

q electronic charge 

N substrate doping concentration 

C oxide capacitance n.er unit area ox 

(1) 

(2) 

·When carriers are present. in·the well, the surface p~tential decreases, 
as shown in Figure 3, and a larger voltage appears across the insulator. 

2 BASIC STRUCTURE OF A CCD 

A cross section of a typical three phase CCD is sho~~ schematically in 
Figure 4. The basic device consists of a linear array of closely spaced 
control electrodes on a continuous silicon dioxide dielectric layer which 
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covers the single-crystal silicon substrate materiaL Charge storage and 
transfer takes place in the channel region of the device, which is generally 
bounded by high concentration channel-:-stop diffUsions. The charge con­
strained in .the depletion region beneath a given electrode is called a 
char>ge packeto For analogue and memory devices, charge packets are intro­
duced by applying suitable voltages to a p-n junction at the input of the 
CCD~ For optical imaging applications they are formed as a result of 
electron-hole pair generation caused by light energy incident on the sili­
con substrat.e. 

3. CHARGE TRANSFER 

Once a charge packet has been introduced to the CCD it may be moved sub­
stantially .intact through the structure in the manner illustrated by Figure 
So The figure also illustrates the required driving waveforms, or clocking 
pulses as they are sometimes calledo 

At time t 1, Figure S(a), a charge packet isheld under electrode f/J2 , the 
·voltage on which is +Vcco Electrodes ¢1 and ¢3 are held at a rest~ng 
potential, . +Vss" 

At a later time t 2 , Figure S(b), electrode ¢1 is pulsed to +Vcco This 
produces a deplet1on region under ¢3 which, oecause the electrodes are 
closely spaced, couples with that under ¢2 , with the result that charge 
begins to move from under 02 . to under ¢ 3• The voltage on ¢2 is. then re­
duced to +Vss with a slowly fal-l-ing edge. The voltage on ¢2 is not re­
duced to +Vss instantly because the charge carriers require a finite time 
to diffuse across the width of the electrodea Figure S(c) shows the charge 

· tran~fer complete at time t 3 ,. with the charge now 'stored in the depletion. 
region under c;3 • 

Note that ¢1 has to be kept at a low potential throughout to prevent back­
flow of chargeo Thus three electrode·s are required to store and transfer 

charge packet and, in consequence, are usually referred to as one 
t of the CCD. Thus the electrodesof a CCD array are arranged in 

are connected sequentially to the drive lines carrying the 
· waveformso Hence, continuation of the clocking se­

.e S(d), would result in the movement of the 
~~o under the next ¢1 , then to f/J and so on to 

te particularly that there can ~e a charge 
!ctrode in an array and that application of 
harges to be m6ved simultaneouslyo A zero 

Lble. 

the CCD it is ienerally necessary to maintain 
;pletion at all times; this is the reason for 

e +V88 • If v85 is applied as a bias to the sub­
to all electroaes, the generation of the clock 

.ified. 

4 . OUTPUT F'RQH THE CCD 

output circuit for a CCD is shown schematically in 
;s of a reverse biased p-n junction positioned in such 
tion region couples with the depletion region under 

leso An additional electrode at fixed bias is generally 
the last transfer electrode and the diode to minimise 



capacitive voltage pick..,;up from the clock pulSes on the last transfer elec­
trodeo. Thus, as (/)3 goes to VSS' any c~arge pres:nt in the last potential 

·~- well w1ll be collected by the output d10de and w1ll appear as a small current 
pulse in the output circuito A voltage output is simply obtained by using 
a lo~d resisto:, Rv More.soph~st~cated charge ~etecting c~rcuitry i~ also 
poss1ble, but 1n general the pr1nc1ple of detect1ng charge 1n a p-n d1ode 
remains universaL 

5 INPUT TO THE CCD 

Methods for injecting charge into a CCD array depend largely on applicationo 

For electrical inputs, a p-n diode and control electrode or gate similar to 
those used at the output are generally used, Figure 7. The input.diode acts 
as an infinite source of minority carrier. Charge injection from the input 
diode is similar to the supply of channel current from the source of an MOS 
transistor, with the first potential well acting as a virtual draino The 
actual amount of charge injected may be controlled by voltage signals applied 
to either the input diode or the gateo Various techniques are available for 
analogue and digital signalso 

For imaging, an optical system focusses the light onto the CCD. ·The incident 
light quanta.enter the substrate and impart.their energy to the silicon 
causing the gem~ration of free carrierso Depending on device structure, the 
quanta may enter between the control electrodes, through transparent elec­
trodes or, in specially thinned devices, through the back face of the sub­
strate. The generated carriers collect as a charge pattern under the array 

. of electrodes. This pattern is an analogue replica of the variation of light 
. t . ·' . 

intensity across the original imageo The charge pattern may be extracted · 
ftom the CCD using the previously described sequential clocking techni~ue; it 
appears as a train of pulses who.se amplitudes vary with the grey scale of .the 
image. The array is thus self scanning. · 

6 SIGNAL SIZE 

The maximum amount of signal charge, Q, which can be stored under any one 
control electrode and transferred within the CCD is given by: 

Q kCV (3) 

·where C is the total oxide capacitance of the storage electrode and V 1s 
the voltage swing on the control electrode. The charge under the electrode 
is actually both minority carrier charge (i.e. signal) and depletion layer 
charge. At full well a constant fraction k of this is minority carrier 
charge, where k ~ 0.5 for typical surface channel structureso 

As to orders of magnitude; an element size of about 30 ~m square is commonly 
used, together with 10 V drive pulses. Hence, with a 0.1 ~m oxide thickness, 
C is about 0,;1 pF and the maximum amount of signal charge transferred is of 
the order of Oo5 pCo For a given clock rate, the output signal may be cal­
culated as a mean current level from the basic equationi = dQ/dto With the 
above example,at 1 MHz clock rate the maximum mean output signal would be 
around 0.5 ~Ao 

7 POWER DISSIPATION 

Power is dissipated during charge transfer because the carriers fall 
through a potential drop per transfer whose magnitude is approximately 
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equal to the voltage amplitude of the clock pulses. This power is g1ven by 

(4) 

for m-:-phases. Aga:ln, with the above example, at 1 MHz with a three phase 
clock the power consumed is about 15 1-M, which compared to other semicon­
ductor devices. is a relatively small value. Pmver is of course also dissi­
pated in the generation· of drive pulses, the extent of which is determined 
by the circuit techniques used. 

8 TRANSFER INEFFICIENCY 

In general there is no loss of charge during the transfer processo How­
ever, a small fraction of a given charge packet is "left-behind" at each 
transfer and emerges at the CCD output at a time later than the bulk of the 
packet which has been transferred correctlyo Tra:i:lsfer effioiency, n, is· 
defined as the fraction of a charge packet transferred correctly per trans­
fer and is typically in the range 99o9% - 99.99% for three phase devices. 
It is often more convenient, however, to use transfer inefficiency, E_, where 
E = 1 - T), Note that the effect of transfer inefficiency through an array 
of n electrodes is cumulative, 1oeo 

n 
~ ~·. Q0 n. ~ Q0 (1 ~ nE) (5) 

where q· is the charge remaining under the nth electrode after n transfers 
and Q ~s the initial chargeo This equation is a good approximation only as 
n can°vary somewhat with signal size. 

i 
There '.are two major causes of transfer inefficiency: 

i) Incomplete charge packet transfer due to the fact that the carriers re­
quire a finite time to diffus-e from under one electrode to the next. As the 
spacing between electrodes is reduced ·the effect becomes smaller but even so 
this mechanism imposes an upper limit on the speed at which the device can be 
operatedo Note that the lower speed limit is set by the thermal carrier 
generation effect as described previously. 

,j 

ii) The effect of carrier trapping states which are largely localised at the 
Si/Si02 interface. As a charge packet arrives at a storage electrode, a 
small.portion of it is instantly 11 trapped'1 by the interface states under that 
electrodeo When the packet is moved on, the states will empty (with various 
values of time constant) into trailing packets, thus giving rise to small 
residual charges trailing behind the main packet. The effect of interface 
states is naturally more pronounced in surface channel devices. 

· 9 "FAT ZERO" 

Of the factors which contribute to transfer inefficiency in surface channel 
devices, the effect of interface states is most significant at all but the 
highest·operating frequencieso The effect of these states may be reduced by 
passing a constant background charge or fat zero through the arrayo This en­
sures that, to a first order, the interface states remain permanently filled 
and in consequence react with the desired signal to a minimal extent. The 
fat zero charges are in practice about 10 - 25% of the full well capacity. 
Some interface states are in general still active, however, due to edge 
effects in the channel. The main disadvantage of fat zero is the reduction I 
in dynamic range~ i 
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lO .. THE BURIED CHANNEL CONCEPT 

in the surface channel CCD, the potential niinimumfor minority carriers 
is at the Si/Si02 interface. If however an appropriate dqping distri­
bution of polarity opposite to the substrate is introduced over a small 
region adjacent to the surface, the potential minimum is moved away from 
the surface to a location within the impurity layer, as shown in Figure 8. 
For a p-type substrate, an n-type layer would be used. This is the basis 
of the buried channel CCD, where charge transfer takes place in the bulk 
silicon. 

The buried channel CCD structure prevents contact of the signal carriers 
.with the interface during normal operation and essentially eliminates sur­
~ace state trapping. A transfer inefficiency of lo-4 - lo-5 is readily 
achieved. The speed of charge transfer is also enhancedbecause the 
carriers are kept.further from the electrodes and are thus subject to more 
fringirig field effectso 

The surface layer inherent with the buried channel structure can be pro­
duced using either epitaxy or ior1-implant.ation. Thicknesses of the order 
of 1 pm are typically used. The drive waveforms and input/output structures 

·of a buried channel device can be similar to those of surface channel de­
devices, although voltage ·levels may differ somewhat. The electrode · 
structure can also be similar provided that the e~ectrodes are very closely 
spaced. 

. 
Detailed theoretical analysis of the reshaping of the charge packet during 
transfer has shown an action similar to that of the oesophagus in swallow- . 
ing. ·For this', reason the buried channel CCD is sometimes known as. the 
peristaltic CCDo 

11. OTHER CCD STRUCTURES 

CCD electrode structures.other than three-phase are also possible. A two­
level metallisation process may be used to fabricate either two-phase or 
four-phase devices as shown in Figure .9. In the two-phase device the di­
rection of charge transfer is governed by asymmetry, the smaller depletion 
layer depth under the thicker oxide always causes charge to spill in one 
direction. By splitting each electrode into separate thick- and thin-oxide 
electrodes, four-phase clocking becomes possible where the direction of 
charge transfer may be in either direction depending on the pulse sequence. 
Asymmetry to obtain transfer directionality can also be achieved by in-:­
creasing the substrate doping concentration under part of the control 
electrode. us~ng ion-implantation. These. are called implanted harrier CCDs. 
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