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PREVIOUS THEORETICAL work’™? on the operation of
change transfer devices has focused upon surface charge-coupled
devices and integrated circuit versions of the bucket-brigade
shift registers. Another type of charge transfer device, namely
buried-channel charge-coupled devices'>, is known to have
several advantages over the former two devices. However, up to
the present, only a static two-dimensional model'* 1% of
buried-channel charge-coupled deviées has been considered. The
static model has not beenincorporated in dynamic charge transfer
deseription, and, consequently, our understanding of the device
operation has been quite qualitative.

In this paper the results of a detailed numerical simulation
of the charge transfer process in an_ overlapping gate buried
channel CCD!'® will be presented. The general set of partial
differential equations describing charge transfer and the electro-
static potential are reduced to a set of two partial differential
equations involving a single spatial dimension and the time. To
accomplish :this a simple capacitance network model 7 has been

*Suppq;:ted in pari by the Naval Research Laboratories under
Contract No. N00014-67-A-0094-0032.

**Present Address: Bell Telephone Labs, Murray Hill, New
1K.im, C. K., and Lenzlinger, M. “Charge Transfer in Charge
Cou9166 Devices,”” J. Appl. Phys. 42, p. 35686-3594; 1971.

%Strain, R. J. and Schryer, N. L., “A Nonlinear Diffusion
Analysis of Charge-Coupled Device Transfer,” B.S.T'J. 50/No. 6,
p. 1721-1740; 1971, : )

3Engler.k W. E., Tiemann, J. J., and BRaertsch, R. D.,
Applied Physics Letters 17, p. 469; 1970.

4 Cammes, J. E., Kosonocky, W. F., and Ramberg, E. G., IEEE
Journal of Solid State Circuits, p. 312-326; Oct., 1971.

. 5Camzes, 4. E., Kosonocky, W. F., andRamberg, E. G., “Free
Charge Transfer in Charge-Coupled Devices,” IEEE Transactions
on Electron Devices,” p. 798-808; June, 1972,

$Bergiund, C. N., and Thornber, K. K., “A Fundamental
. Comparison of Incomplete Charge Transfer in Charge Transfer
. Devices,”” B.S.T.J., 52/No. 2,p. 147-182; 1973.
TBerglund; C. N. and Thornber, K. K., “Incomplete Transfer
Charge Transfer Devices,” IEEE J. 'of Solid State p'ircuits,

C-8/No. 2; p. 108-116; 1973, i .
8Mohsen, A. M., McGill, T. C., Daimon, Y. and Mead, C. A.,

The Influence of Interface States on Incomplete Charge Trans-

x in Overlapping Gate Charge-Coupled Devices,” IEEE J. of
id State Circuits, SC-8/No. 2,p. 125-138;1973.

eller, L. G., and Lee, Hsing-San, “Digital Signal Transfer in
arge-Transfer .Devices,” IEEE J. of Solid State Circuits,
8/No, 2, p. 116-125; 1973.

4

used to reduce the appropriate two dimensional Poisson’s
equation into a second-order differential equation in a single
spatial ‘dimension. The resulting equation relates the signal
charge and the minimum channel potential under all the relevant
electrodes and interelectrode regions. A diffusion equation
describing the charge transfer is coupled to this equation. The
resulting coupled differential eqluations have been solved numeri-
cally by a modified box scheme® 8,

It is shown that the charge-ttansfer process in buried-channel
CCD devices can be divided into three distinet stages similar to
surface channel; Figure 1. In the first stage, the charge is

-confined under the source storage gate and spreads itself ac-

cording to the rapidly changing clock voltages. During the
second stage, the charge transfer occurs in a manner analogous
to the operation of a buried” channel IGFET'®. The storage
electrodes act as source and drain, and the transfer electrode
acts as the control gate. In the final stage, the charge fransfer
process is characterized by transfer induced by the relatively
large fringing fields. The residual charge decays exponentially
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with a final characteristic time constant of the order of a
nanosecond; Figure 2!

In light of these reliable numerical results, the entire charge

transfer process has been reviewed analytically. Approximate
analytic expressions for the charge-transfer efficiency which are
sufficiently accurate to be used in optimizing CCD array design
with respect to voltage waveform and clockmg scheme will be
presented.

The numerical results for the charge transfer in the buried -

channel CCD are presented as a motion picture which illustrates
graphically the distinct features in the operationi of a buried
channel CCD, under several clocking schemes.

Figure 1(a) plots the minimum poteniial, charge prof:le
and current density at t = 0.221 ns. At t = 0, the transfer and
drain gate voltages start dropping to the final value (-12 V)
from the initial value (8 V). The plot is shown at the gate
voltages of -10 V. The barrier and source gate voltages are set to
be8V throughout the transfer process.

Charge is normalized by 935 electron charges/u Sheet

" current density is normalized by 23.4 electron charges/u-ns. The

length L of one unit cell of the device is 48 uconsnstmg of two
polysilicon gates and two aluminum gates.
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In Figure 1(b), t = 0.443 ns. Note the eurrent density under
the transfer gate is almost constant. The charge transfer in this
stage can be described qmte accurately by buried channel
IGFET'®.

In Figure 1(c), t = 1.05 ns. Note the slope of the current
density indicates that the net charge under the transfer gate is
still decreasing. The charge transfer in this final stage is
characterized by the powerful field-aided transfer' !,

In Figure 2 (top), sheet current density is normalized by
23.4 electron _charges/tsns, Time is normalized by
t = (0.001) L?/D = 1.92 ns with L = 48 ptand D = 12 cm?/s. The
lines (a), (b), and (c) present the net charging, charging and
discharging of the transfer gates,respectively.

In Figure 2 (bottom), charge is shown asa percentage of the
total signal charge of 45,000 electron charges/it The lines (a),
(b), and (c) represent the total residual charge under the source
and transfer gates, the charge under the source gate, and the
charge under the transfer gate respectively. Note the lines
eventually betome straight, implying the exponential decay
characteristics of the powerful field-aided transfer. The final
slope (hence, the characteristic time constant) is 0.765 ns for
lines (a) and (¢), and 0.165 ns for line (b).

STTIILEOIFILI VTS, oo FILEET T

o
E

EW i A A |

(%] »
L) LI

Current Density
[
£

T

Y
K

FIGURE 1-Plots of the minimum potential; charge profile and carrent density at different
stages of the charge transfer.

[See puge 245 for Figure 2.]




FIGURE 2-Current density and remaining charge

functions of time.
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