
Appendix I 


Rate of Movelllent of Charge 
in a CCD Due to Diffusion 
and Space Charge 

A simple diffusion calculation of the rate of charge transfer through the CCD 
registers is made in this appendix. Three mechanisms contribute to the rate at 
which charge is transferred. These are: diffusion, due to the charge gradient 
present; self-induced drift, due to the fields associated with the carrier space charge; 
and drift associated with the fringing field between the electrodes. Numerical 
solutions of the relevant equations show that self-induced drift tends to dominate 
during short times, with diffusion becoming more prominent as the charge density 
drops; this is because the former mechanism depends on the carrier density. How­
ever, the fringe field at the gate is extremely important. In a well-designed, fast 
device, the fringe field effect is usually dominant. If surface state recombination 
effects are negligible, devices with lO-fLm gates are operable at 10 MHz and devices 
with 4-f.Lm gates are operable at frequencies as high as 100 MHz, with both operable 
down to extremely low frequencies of the order of a few hundred hertz. 

Here we will calculate only the diffusion effects, and give some discussion of 
space-charge effects. For simplicity, we will make the calculations for a p-type 
carrier. The diffusion current density Jp for p-type carriers moving in the y di­
rection is 

apJ = -qD (1.1)P ay 
where p is the hole density per unit volume, q is the charge of a hole, and D is 
the diffusion coefficient of the holes. Using the continuity equation, we find that 

alp ap 
- + q- = 0 (1.2)ay at 
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Hence the differential equation for the motion is 

(f2
D p ap

= (1.3) 
ar at 

We suppose that the gate is of length L, and that the boundary conditions, referring 
to Fig. 1.1, are zero carrier gradient, or current, at y = 0, and zero carrier con­
centration at y = L. We solve this equation by the method of separation of 
variables, that is, we use a product solution, writing 

p = T(t)Y(y) (1.4) 

Inserting Eq. (1.4) into Eq. (1.3) gives the result 

T" Y'.Dy:=y (1.5) 

This leads to a solution satisfying the boundary conditions of the form 

Pk(y, t) = Ak cos Akye-II. Dt (1.6) 


where 

Ak 1T 
= (2k 2L + 1) (1.7) 

If, in addition, we now require the initial carrier profile p(y, 0) to be uniform, 
we can use a square-wave expansion to find the coefficients Ak in the series for Po 
= p(y, 0), and write 

cc 

p(y, t) = 2: Ak cos Akye-II. Dt k-O (1.8)

with 

Ak = 
4po ---"-=---(2k 1)1T (1.9)

+ 

Each of the terms in this sum decays exponentially, but the first term decays least 
rapidly, so it is the dominant term in most cases. Thus, after some time, 

4
p(y t) = #o cos ;r e-('fr2DI4L2)t 

, (1.10) 
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Ptot = -Ptot(O)e-(#D/4L2)l 

where the total charge Ptot = f  p(y, t) dy remaining after time tis 

8 
(1.11)

1T 

Note that the decay of the total charge due to thermal diffusion can be considered 
to be exponential with a decay time constant of 70 = L2/2.SD. Thus it is highly 
advantageous to use as short a gate length as possible. It is also desirable to use 
as high a diffusion constant as possible, which implies that it is better to work with 
n-type carriers rather than with p-type carriers and, therefore, a p-type substrate. 

As an example, with a gate length of 10 �m and D = 20 cm2/s, the decay 
time constant is TO = 20 ns. So with a c10ck rate of 5 MHz and a transfer time t 
= 100 ns, the remaining charge under the gate is 0.8%. Thus after 100 transfers, 

only 44% of the charge passes through the CCD. On the other hand, with L = 
5 �m and 70 = 10 ns, the remaining charge is 0.0045% and, after 100 transfers, 
99.5% of the charge passes through the CCD. 

The space-charge effects due to the carriers can be regarded as an enhanced 
diffusion mechanism. This will be shown in the following treatment. If we suppose 
that the charge per unit length is qps' the surface potential associated with this 
charge is 

= 
qps 
COx 

+ constant (1.12) 

where COx is the capacity per unit area of the gate oxide. The field associated 
with the surface potential is, in tum, 

Es = 
-0$$ 

ay 
(1.13) 

It follows that the equation of motion of the carriers is 

Js = 
-q2J!PAapsloy) 

COx 
(1.14) 

where 1 is the mobility of the carriers. Thus the carrier density obeys the differ­
ential equation 

q! .!-. 2) op
( s (1.15)Ps 

_ 

-2CQ% ar at 

It is as if the carriers have an enhanced diffusion coefficient Denh, where 

(1.16) 

qp
= D s CoAkT/q) 

where from the Einstein relation D = "Tlq, T is the temperature and k is 
Boltzmann's constant. 
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Figure 1.2 Fraction of charge remaining under a plate as a function of the square 
root of the normalized time l' = 111'0' The space charge effect is strong in the 
region where l' < 1. The curves are straight parallel line5 over the diffusion portion 
of the characteristic. (From sequin and Tompsett [1).) 

When the carrier density is high, the voltage corresponding to the space charge 

<f>s = qpiCOx can be of the order of 1 to 2 V, and much larger than kTlq. In this 
case, the space-charge effect is the strongest effect present. Thus, initially, when 
charge is released from a register, it moves relatively rapidly due to space-charge 
effect, but as the density drops, diffusion becomes the dominant effect. 

Computed results of this kind are shown in Fig. 1.2. At first the charge drops 
rapidly; it then drops less rapidly as normal diffusion effects become dominant. 

It is advantageous to trap the carriers in a "buried layer" (Le., in a potential 
well around a layer of negatively charged acceptors); then they will be some distance 
from the gates. Due to this effect, the carrier velocity is increased, which means 
that higher-speed devices can be made. 
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