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Abstract 
In charge transfer devices the transfer speed is mainly determined 

by the transport of the last fraction of each charge bunch. 
In a PCCD the transport of especially the last fraction takes place 

at.a substantial distance from the electrodes in the bulk of a semiconduc
tor, where the drift fields are appreciably higher than at the oxide semi
conductor interface. 

A four phase PCCD with 7.5f'm gates on top of a homogeneous N-type 
layer on a high ohmic P-type substrate shows high transfer efficiencies 
(>99,99%) up to rates of over 100 MHz. Operation of this device up to 
1 GHz is expected to be feasible. 

The PCCD with the homogeneouslydoped layer has for bulkoperation in 
comparison with a surface CCD, with the same oxide thickness - a smaller 
signal charge handling capacity. This is caus.ed by the larger effective 
distance betwe~n the charge and the electrodes. 

The charge handling capacity of the PCCD is strongly improved by 
using a low doped N-layer with a thin strongly doped N-type top layer. 
Now the main part of the charge is at a small distance to its electrode, 
still the last fraction is transferred at a substantial distance. 

It will be shown that this type of PCCD combines the advantages 
of a surface CCD and a bulk CCD. 
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1. Introduction 
The PCCD belongsto the class 

of C(harge) T(ransfer) D(evices). 
CTD's are B(ucket) B(rigade) D(elay) 
lines and C(harge) C(oupled) D(evi
ces). The last mentioned devices can 
be divided into two different spe
cies dependent on the type of ope
ration. The first one is the S(ur
face) CCD, in which the transfer of 
charge is along the Si-Si02 jnter
face. The second one is the B(ulk) 
CCD in which the transport of charge 
is in the bulk of the semiconductor. 
The PCCD belongs to the class of 
BCCD's. Other types of BCCD's are 
given in [1] and (2] . 

In a PCCD mobile carriers 
in the bulk of a semiconductor are 
used and the transfer of the last 
carriers takes place at a substan
tial distance from the transferring 
electrodes. These last fractions 
are constrained between the deple
tion regions produced by charge 
transfer electrodes and by an under
lying substrate. The manner of 
charge transfer in the PCCD has 
some resemblance with the way an 
"oesophagus" functions. From this 
the description "peristaltic" has 
been taken. . L 

Depending on the ratio -!fig. 1) we distinguish: dt 
a) self-induced-field type (SF-typ~ 
L >)' ct 2 ). For this type the charge 

transfer is determined by drift 
fields, caused by variations in car
rier density, and by diffusion. 
(b) externally-induced-field type 
(EF-type). For this type Lis of 
the same order of magnitude as d • 
Drift fields directly induced by 2 
external voltages on the electrodes 
(fringing fields) become dominant 
for the charge transfer. 

Depending on the dope pro
file perpendicular to the electrodes 
we distinguish a PCCD with a homo
geneously doped layer and a PCCD 
with a dope profiled layer. 

1.1 Homogeneously doped PCCD 
Here one has an N-type epi

taxial homogeneously doped layer on 
a P-type substrate. Depending on the 
dope levels and the substrate vol
tage, charges can be transported in 
the surface mode, the bulk mode, or 
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in a dombination of these two. 
(a) The surface mode 
This is achieved when the sub

strate-N-layer depletion region 
reaches the Si-Si02 interface. Then 
the device operates in the same 
manner as the conv~ntional surface. 
CCD [J) . 

(b) The bulk mode 
This type of operation has been 

treated in [4]. Now all the charge 
is kept in the bulk (no accumula
tion at the Si-SiO interface),· 
where much higher ariftfields exist 
than at the surface, leading to 
much shorter transfer times. 
Because the transport of charge is 
not at the Si-Si02 interface the 
surface states have no effect on 
the charge transferefficiency. Only 
trapping centers in the bulk will 
influence the charge transefficien
cy. With the present state of tech
nology the number of these centers 
can be much lower than that of the 
surface st~4es. However the charge 
handling capacity of the bulk mode 
operation is lower than that of the 
surface mode. This is due to the lar
ger e£fective distance of the char
ge to its electrode. 

(c) The combined surface and 
bulk mode 

In this mode the charge trans
fer occurs partly along the sur
face while the last fraction is 
transported in the bulk. In this 
mode of operation the advantages 
of the two modes mentioned above 
are combined. These are the large 
charge handling capacity of the 
surface mode and the high speed of 
the bulk mode. However it must be 
borne in mind that the surface 
states determine the transfereffi
ciency with the present state of 
technology. 

1.2 Dope profiled layer PCCD 
In the PCCD, with a profiled 

layer, these surface states effects 
can be avoided, while at the same 
time the charge handling capacity 
can be comparative to the surface 
mode. 

H.ere one has a very thin rela
tively high doped N-type layer on 



top of a relatively thick and low 
doped N-type layer. Most or the 
charge is present in the highly 
doped top layer ~nd thus very near 
to its electrode resulting in a 
low clock voltage (large charge 
handling capacity). 

2. Principle of the charge transfer 

2. 1 Self-induced-field type (L>72) 
In this case fringing fields 

can be neglected. Using a one di
mensional model, the charge trans
fer equation {eq. (2.3)) may be de
rived.with of the aid of the rela
tionship 

( 2. 1) 

and tbe divergence equation for 
current 

iJtt 
::::: - {)J 

(2.2) at ux 
at~- d (Deif ~) (2.3) 

--~t ox 
2.1. 1. Homogeneously doped PCCD 

(a) surface mode operation 
For the surface mode operation 

the .transfer behaviour is identical 
to that of the surface CCD [5], [6]. 
The p-type substrate is set at a 
high negative voltage inducing a 
field by which the charge is driven 
to the Si-surface. Fig. 2 shows the 
situation for a single transfer at 
some time after initiation of the 
charge transfer. At X=L (channel 
pinch off point) the charge concen
tration is supposed to be zero. 
At X=O the gradient of the charge 
is supposed to be zero. The drift
field in the transport direction 
can be approximated by 

E=-d, (Jft 
E, ox ( 2. 4) 

The capacitance of the charge to 
the substrate has been neglected. 
In equation (2.3) 

~If = /A { tt ot, .,. kr) < 2. 5) 
c, 9--

For the remaining charge at time t 
we define l 

tfr= f [ttrx,t)clx. (2.6) 
0 

and for the initial charge 

~-= ~(o) ( 2. 7) 

Numerical solution of the charge 
tran~fer (eq. (.2.3)) with Q.=5x10 1 ~ 
C/cm is shown in fig. 5 (cGrve 1), 
where 

£= rt~ 
fl!i (2.~ 

It can be seen that after a few 
times T the fractional remaining 
charge ( c ) . is less than a few per
cent, and the main part of the 
transfertime is determined by the 
last fraction. So one gets a con
siderably improved transfer when 
the transfer for the last fraction 
of the charge is acce]..erated. 

(b) bulk mode operation (fi9.J) 
For simplicity we suppose a 

very high ohmic substrate, so we 
can neglect the depletion region in 
the N-layer, caused by the negative 
biased P-substrate, as well as the 
charge-substrate capacitance. By 
using the gradual channel approxima
tion of Shockley we derive for the 
self-induced drift field 

and for the effect~ve diffusion 
coefficient of eq. (2.3) 

( 2. 9) 

1) = /-'[tf(dl + ~ )+hT} (2. 1o) 
elF E, E1. (j: 

In eq. (2. 9) and (2. 10) the term d 
is place and time dependent. When 
initially the bulk is completely 
filled then d varies from zero to 
approximately d 2 during transfer. 
One may expect an effective value 
(d ff) which lies between zero and 
d : Calculations show that d ff is 
a~most equal to d 2 • (fig. 5,ecurve 
2, N =1015 cm-3). This is due to 
the ~act that the last fraction of 
the charge, which determines the 
transfertime, is almost at a dis
tance of d 2 • This means that in 
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principle the transfer behaviour 
in the bulk mode is almost the same 
as in the PCCD surface mode of ope
ration with an increased oxide 
thickness of 

( 2.11 ) 

where 

B: (1+ d.t E,) 
· E1. d, . 

( 2. 12) 

This decreases the sel~induced 
transfer time constant by a factor 
of B [4]. 

The m:in:imum clockvol tage for 
a B times thicker oxide will in
crease with a factor of B for the 
same amount of charge. However for 
the bulk mode operated PCCD this 
factor will be 

c ={I+ dtEI ;~ B (2. 13) 

.! £1. cl, ~ 
because the effective distance of 
the completely filled bulk charge 
is 

''"" 8 _/ --a, ..t ( 2. 14) 

The degree of doping of the 
P-substrate and the N-layer does not 
significantly alter the principle 
of operation of the device (fig.6). 
It can be shown that B is the ratio 
of the oxide capacitance to the 
parallel capacitance of the charge 
bunch at pinch off (d21 ) to its elec 
trode and substrate. 

B. ~~ (1+ ':f!J!t+ d<'J') = ,va t ~ c:2 ...!::!L.:. < 2 • 1 5) 

dt + c/.t! IVd + lt c1, 
No. c1 

(c) surface and bulkmode 
operation 

In the following considera
tions, for convenience, we will 
suppose a very high ohmic substrate. 

Fig. 4 shows the situation 
as a charge packet is transferred. 
At X=X the accumulation charge is 
zero. During transfer X moves from 
X=L to X=O. For the self-induced 
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drift fields one finds 

, (2. 16) 

and 

(2. 17) 

The.se yield to the corresponding 
effective diffusion coefficients 
given by eq's (2~5) and (2. 10). The 
bulk- and surface-mobility are 
assumed to be alike, so that Q and 
~ are continuous at the moving 
btl~ndary X 1 .. 

A result of the numerical 
solution of the charge transfer 
equations is s~~wn~~n fig. 5 {graph 
J) for Nd=2x10 em • When the sur
face charge dominates the transfer 
process,curve J,follows approximate
ly curve 1 of the surface mode • 
After a few time constants,when the 
accumulation charge has disappeared, 
(x 1 Z 0) curve J follows almost 
curve 2 (bulk transfer). Curve J is 
almost identical to curve 2, when 
curve 2 is shifted to the right by 
an amount almost equal to the time 
needed for the transfer of the 
surface accumulation charge (in 
this case 80%). Numerical calcula
tions show that this still holds 
when the difference in surface- and 
bulk-mobility is taken into account. 

The time needed for the 
transfer of the first 80-95% of the 
charge is negligible compared to 
the transfertime of the last frac
tion. Thus the device behaves al
most as if all the charge is at the 
pinch off level (d ). When we use 
e.g. trapezoidal clockpulses, the 
minimum necessary top to top clock
voltage V is then given by 

v= tt 0't + c, (2. 18) 

= ~+Ve 
For the surface mode of operation, 
which has the highest charge hand
ling capacity, the minimum clock-



--------------- -----------------------------

voltage is V (eq.(2.18)). The ext.ra 
necessary cl8ck voltage V , caused 
by the bulkcharge, is sho~n in fig. 
7. V ca~ consid~rably be reduced 
by d~creasing the dope level of the 
N-laye~ We see, with. an extra vol
tage of some volts (Nd small),this 
type of PCC !>)· has the same charge 
handling capacity as for the sur
face mode of operation. From the 
point of view of the char~e trans
fer it behaves as a CCD with a sub
stantially thick oxide (eq. (2.11)~. 
It is obvious that with the present 
state of technology the transfer
efficiency is determined by the 
surface states for this mode of ope
ration. The following device, how
~ver, combines the advantages of 
the surface and bulkmode operation, 
while avoiding the influence of the 
surface states. 

2. 1. 2. Dope profiled layer PCCD 
As has been shown, when the 

last fraction .of the charge is 
transferred at a depth of d 2 , from 
the point of view of the charge 
transfer the device behaves as if 
all the charge is transferred at 
that depth. Consequently, in prin
ciple the transferinefficiency (£) 
is almo?t decreased by the corres
ponding- factor B ( eq. (.2..12) and fig. 
5) in comparison with the surface 
mode of operation. By storing the 
former accumulation part, very near 
its electrode, in a very thin re
latively high doped N 1-layer on 
top of a substantially thick and 
relatively low doped N2 -layer, . 
(fig. 8) then all the charge is 
confined to the bulk and the in
fluence of the surface states is 
eliminated. 

For both regions o< X< x 1 
and X L:: X .c( L equations (2.9) 
and (~. 10) are valid. At the mo
ving boundary x 1 , Q and~ are 
continuous. The graph, from nume
rical calcu1ations of the appro
priate transfer equations, as one 
should expect, is found to lie 
between graph J and 2 of fig. 5. 
Where 16 -J 
N1 = 1.4x10 em 
N = 2x1o14 cm-3 Q: = qx5x1011cm-2 

:1. 

was taken. 

dJ =0. J jJil1 

d2 =5 jJil1 

d 1 =0 • 1 jJil1 

If' the bulk is completely 
filled th~ depth (z) of the center 
of' gravity, from the Si-Si02 inter
face, of the charge profile is 
given by 

. c/2 d./-
Z-:= (""-Itt.) + + Ni -f 

(2. 19) 

The effective distance of the charge 
to its electrode is 

(~.20) 

The minimum necessary clockvoltage 
0 is found to be 

v = v; + ~ = tt ( C:' + z ) 
. r;;.' cl. (.2.. 21) 

When we 12uPE2se: 
Q.=q.10 em J d 1 0.11J111 
N~=Jx1o16cm- d 2 = 5 ll'll 
N2 =2x1o14cm-3 dJ O.Jil'll 

then Z=O.J8 jliTI and d. = 0.23 ll'll 
From the point of vi~w of the clock
voltage the device behaves as a sur
face device with an oxide thickness 
of 0.23 lllll· While, from the point 
of vie'' of charge transfer it rough
ly behaves as a bulk device where 
all the charge is transferred at a 
depth of f5...E~)cl,= 4.8jJil1. (see eq.'s 
(2. 11) and (2. 12~ The clockvoltage 
needed for the given example is 

" V =V5 -rVe:.(5+6.4) volts 

For the profiled PCCD where we have 
only bulktransport it is not re
quired to have an oxide layer. 
Schottky barrier or PN-junctions can 
be used. A clockvoltage of 6.4 volts 
would then be sufficient. Which very 
nearly equals the clockvoltage for 
the surface mode of operation for 
~1 jJil1 oxide thickness. Thus the pro
filed PCCD combines high charge 
handling capacity, freedom of sur
face states, at high transfer speeds. 

2. f.J. The transfer of small charge 
fractions 

The transferineff'iciency of' 
_small charge fractions for all the 
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operation modes of ¢he SF-type PCCD 
can be written [5] as 

f.: e.xp[-f5J (2.22) 

where 

z; = ~ '1-f ~ !:L llo L 2 ( 2 . 2 3 ) 
-rr.1. k'J/" . TT2. J" 

This time constant is responsable 
for the relative slow transfer of 
the last charge fraction. A strong
ly decreased time constant for this 
last fraction will give a large im
provement in transferspeed. Such a 
reduced time constant will be found 
for the externally-induced-field 
type. 

2.2 Externally-induced-fieldtype 
Now L and d 2 are of the same ~

der of magnitude. The driftfields 
(fringing fields) induced by exter-
nally applied potentials become very 
important, especa~ly for the transfer 
of the last charge .fraction. '{hen 
there is no mobile charge in the de
vice the potentials very near to the 
transferring electrode will be deter
mined by that electrode so only a 
small driftfield may be expected. 
Deeper in the bulk the potential be
comes more depe.ndent on the potenti
als of the heighbouring electrodes 
so larger drift fields will exist 
there [4], [8] ,(9]. As a function of 
X (transfer direction} at X=~ a mi
nimum for the drift field, below the 
transferring gate, is found. The 
drift field as a function of the 
depth, Y, for X=~ , is given in 
fig. 9 [8]. A max1mum for Y, (saddle 
point) of E=~L,is found at a depth 
of YZ L/2. • When the last f'rac tion is 
transferred at a depth around .!h we 
will have a very short transfertime 
leading to high transferefficien
cies (complete transfer} at high 
clock rates. This situation will oc
cur in the homogeneously doped layer 
PCCD for bulk-mode operation and in 
the profiled PCCD, which has at the 
same time a good charge handling ca
pacity. 

In the profiled PCCD the main 
part of the charge is very near to 
its electrode. The charge packet 
will mainly be transferred by sel~ 
induced fields, while the last 
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fraction is driven further into the 
layer where much higher driftfield_~-" 
exist. The fractional charge with 
time will then be characterized by 
graph 4 of fig. 5 [lQI • The trans
ferefficiency will only be limited 
by bulkcenters. 

For the transfer of a small 
fraction with the same boundary con
ditions at X=O and X=L ii is possi
ble to write [1Q 

c=exp[-:] 
e 

(2.24) 

•I 1 
t :: =-- (~.25) 

z; fOCJE. 
where 

(2.,26) 

For with V== -5' rolt 

(2.27) 

An improvement of two orders of mag
nitude for the EF-time constant, in 
comparison to the diffusion time 
constant for the SF-type. The inver
se transfertime shown by eq. (2.25) 
for a given transferinefficiency 
can be seen as a minimum upperbound. 
When we consider the charge transfer 
at a depth of about~as "surf ri
ding" caused by a traveling wave 
then the maximum upperbound is found 
by 

(2.~8) 

J. Experimental results and discus-
sion 

results 
SF-type 

The first experimental 
have been obtained with a 
PCCD with a 

16 -J substrate dope level of N =2x10 em 
homogeneously dopedepi-la~er l4 -J 

Nd=4x10 em 
d2=6. 8 jlfl1 

d,=0.12jlfll 
epi-layer thickness 
oxide thickness 
J¢, Al electrodes 

gap G = 10Um 
length L=50 llffi 

t 

I 
t 
j 
t 



The experimental result of this de
vice for one transfer has been 
given in [4J by which the factor B 
(eq. (2. 14» has been verified. A 
low frequency transferinefficiency 
of £ =1i per transfer up to about 
J. 5 MHz and e ~ 5% at 10 MHz was 
measured. The device was driven in 
the surface+bulk mo.de. Our low 
frequency transferinefficiency 
qualitatively agrees with that, ob
tained from extrapolation of the 
results given in [2]. 

To eliminate the influence 
of the electrode gaps on the trans
ferefficiency, a four phase EF-type 
PCCD provided with a two layer me
tallization of aluminium and poly 
crystalline silicon electrodes on a 
homogeneously doped N-type epitaxi
al layer was made (fig. 10). The 
data of the dope levels and geome
try are: 
substrate dope level 
epi-layer dope level 
epi-layer thickness 
oxide thickness 
4¢, electrode length 
number of electrodes 
A transferinefficiency for bulk
tran.sfer and real zero operation of 

€ ~ 'fx 10-5 per transfer has been 
measured in excess of 100 MHz. Real 
or fat zero operation had no influ
ence on E . Below some hundred kHz 
the E became worse due to trapping 
effect!S.The worst response was 
found for a "one" after 250 or more 
"zero's" at_4oo kHz, namely 

e1 ~ J. 10 corresponding with an 
effective bulkcenterconcentration 
of about 2x10 11 cm-3. Because of 
the much larger generation time con
stant of trapped electrons compared 
to the capture time constant, the 
transferefficiency of a "zero" af
ter a large number o.f' "one's" was 
always much better. At 100 kHz we 
found Co< 5. 10-5. 

When we calculate the maxi
mum frequency, for the given de
vice from equations (2.25) and 
(2.26) with V=5 volt, we find a 4 
400 MHz clockfrequency for £= 10=2 
800 MHz clockfrequency for £:::.10 
From equation (2.28) it can be con
cluded that operation at clockfre
quencies above 1GHz is possible. 

77M . ~ 
•. 

Preliminary experiments mea
sured up to 50 MHz on a P!'QXiled 
layer PCCD show t~ansferinefficien-
cies of about 10- • · 

4. Conclusions 
It has been shown, both by the 

aid of simplified theoretical mo
dels and by experiment, that the 
PCCD has a high charge handling ca
pacity and is capable of transfer
ring charge at high transfereffi
ciencies ( > 99,99%) and at high 
operating frequencies ( >100 MHz). 

. In [1~ more detailed consi-
derations, calculated and experi
mental results, including the nu
merical method will be given. 
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