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Abstract-The Tacking CCD is a new type of charge trans- 
port mechanism that is suitable for junction- as well as MOS- 
type CCD’s. A specific form, the Trenched Tacking CCD 
(TTCCD), promises high pixel density and high charge han- 
dling capability per unit of surface area. The TTCCD structure 
is suitable for making new types of solid-state image sensors 
with increased light sensitivity and there is the possibility of 
incorporating a vertical overflow drain. First samples of the 
TTCCD have been realized and its functionality has been con- 
firmed. 

I. INTRODUCTION 
INCE the introduction of the bucket brigade device, S many different concepts of charge-coupled devices 

have been developed. CCD’s have found widespread ap- 
plication as delay lines, in electronic filters and oscillo- 
scopes, and as optical sensors in facsimile apparatus and 
cameras. The CCD concepts most used today are the MOS 
types, as there are the surface CCD’s and bulk CCD’s 
[1]-[3], that can be further divided into the two-, three-, 
and four-phase CCD’s, the meander CCD [4]-[7], the 
virtual-phase CCD [8], [9], and othertypes [lo]-[12]. The 
charge handling capacity of all of these CCD’s is limited 
to the oxide capacity times the effective surface area of 
the electrodes that are used for charge storage. 

Even with the strong reduction in fixed pattern noise 
level and output amplifier noise level, image sensors still 
need a charge capacity of at least 50 000 electrons per 
pixel. To reach the standards set for high-definition tele- 
vision (HDTV) and electronic still picture, there is an 
urgent need to increase the amount of pixels on the light- 
sensitive surface area [13]. In these cases the charge 
storage capacity forms a serious obstacle to a further re- 
duction in pixel dimensions. Moreover, at the same time 
light sensitivity and charge transport rates for HDTV im- 
age sensors have to increase. Hence there are a number 
of conflicting demands with regard to the design of CCD 
imagers, which cannot easily be met with the above men- 
tioned CCD concepts. 

Recently two new types of CCD’s have been proposed 
[ 141, [ 151 that use trenches to increase the light sensitivity 
depth of the device and to increase the charge handling 
capability per unit of surface area. Both concepts have the 
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disadvantage that the gates cross the trenches, thereby re- 
ducing the light sensitivity of the device. 

In the initial phase of the development of CCD’s it was 
suggested that the electrodes should be located on differ- 
ent sides of the charge transport channel [16]. In this pa- 
per we extend this to a new CCD concept that has the 
potential to reach the standards set for HDTV. As in the 
above mentioned publications, the charge handling capa- 
bility is improved by using a trench to increase the charge 
storage area. However, with the new design concept it 
becomes possible to put the gates entirely into trenches, 
while simultaneously using the trenches as channel stops. 

11. THE TACKING CCD MECHANISM 
The new structure is characterized by two gates which 

are aligned parallel to the charge transport channel. The 
two gates are located on opposite sides of the charge 
transport channel. The potentials applied to these gates 
therefore create an electric field that is perpendicular to 
the direction of charge transport. Along each gate a do- 
pant structure creates regions with a built-in electric field, 
with a charge storage, a charge transfer, and a charge 
blocking area. The neighboring storage areas are located 
on opposite sides of the charge transport channel. The new 
CCD structure is shown in Fig. 1. 

For an n-channel CCD, the free charge carriers are col- 
lected in the charge storage area at the most positive gate. 
When the potential between the two gates is reversed, the 
free charge carriers are pushed towards the charge transfer 
area at the other side of the charge transport channel. From 
there the charge flows to the adjacent storage area. After 
another reversal of gate potentials, the free charge carriers 
will return to the first gate but, due to the built-in field, 
to the storage area of the next cell. The transport mecha- 
nism drives the free charge carriers through the bulk of 
the CCD. Since the charge storage is at some distance 
from the interface, the structure is a type of buried-chan- 
ne1 CCD. 

The transport path of the free charge carriers in this 
CCD closely resembles the movement of a sailing boat 
moving in an upwind direction. Therefore we named this 
type of charge coupled device a Tacking CCD. 

Some different arrangements with the Tacking CCD 
concept are shown in Fig. 2. Fig. 2(a) shows a Trenched 
Tacking CCD (TTCCD), with the gates located in paral- 
lel trenches in a way that is of advantage for solid-state 
image sensors. By filling the trench with a refractory metal 
gate, it is possible to make a good channel-to-channel 
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Fig. 1. Layout of the Tacking CCD. 1: gate, 2: insulation layer, 3: charge 
transport channel, 4: blocking area, 5: transfer area, 6: storage area. The 
arrows show the direction of charge transport by reversal of the gate po- 
tentials. Solid line: upper gate going negative, dashed line: lower gate going 
negative. 

li' 

(C) 
Fig. 2. (a) 3D layout of a Trenched Tacking CCD, the gates are positioned 
in trenches. The charge storage locations are found along the wall of the 
trench. (b) Junction Tacking CCD, the gates and its insulation layers are 
replaced by a p-n junction. (c) Tacking CCD with different types of gates 
in planar technology. 

electrical as well as optical isolation. At the same time, 
due to low gate resistivity, a low RC time for the gates is 
achieved. Similar to a Junction CCD it is possible to re- 
place the gates and isolation layers by a layer with dopant 
of the opposite sign. By replacing them on both sides, 
there is no need for an insulation layer. The charge trans- 
port channel itself constitutes the potential barrier be- 
tween the gates. Fig. 2(b) shows this arrangement, with 
the two gates made by heavily doped p+ areas parallel to 
the surface. Such a Junction Tacking CCD (JTCCD) can 
be made in GaAs and will be of advantage for radiation- 
hard devices, as for instance used for direct X-ray detec- 
tion. Fig. 2(c) combines aspects of the TTCCD and 
JTCCD in a way that is most suitable for delay lines. Here 
the charge transport channel is turned 90" with respect to 
the previous examples. As is the case for all two-phase 
CCD's, the difference in potential between the first and 
second gate drives the charge transport. Therefore it suf- 
fices to apply a potential swing to the first gates, while 
holding the second gate at an intermediate potential. By 
clocking only the upper gate, the capacitance of a CCD 
line can be minimized. 

Fig. 3. Potential across the charge transport channel for homogeneously 
doped layers. (a) Upper part: dopant structure, do insulation layer, d,  charge 
storage area with dopant density N I ,  d,: remainder of charge transport 
channel, dopant density N2.  d,: charge transport channel width. Lower part: 
Potentials, interval voltage swing maximized. do = 0.1 pm, E, = 3, d ,  = 
0.2 I m ,  d2 = 0.8 pm, V, = 5 V, N 2  = 5 x lOI4 C I I - ~ ,  N I  = 3.675 x 
10l6 dml = 0.0986 pm, V , / V ,  = 0.384. Optimal dopant profiles 
have zero electric field at the interface with the insulation layer when the 
first gate is negative. (b) As in Fig. 3(a) for N ,  = 0. Lower part: NI, = 
4.125 X l o t 6  c ~ I - ~ ,  d,, = 0.100 pm, V , , / V ,  = 0.4375. (c) As in Fig. 
3(a) with p-type substrate. Lower part: P = 5 x lOI4 C I I - ~ ,  N I  = 3.775 
x l o i6  d,,, = 0.0907 pm, V , / V ,  = 0.395. With the first gate neg- 
ative, the electric field is zero at the junction of storage area and substrate. 

111. DOPANT PROFILES 
To optimize the charge transport capacity of the Tack- 

ing CCD the externally applied potential swing on the 
gates has to be translated into a maximal internal voltage 
swing. This should be done in such a way that there exists 
no potential barrier when the free charge carriers have to 
cross from one side to the other. 

A characteristic 1D cross section of the dopant struc- 
ture for the TCCD is shown in Fig. 3. The charge trans- 
port channel has a total width dt .  As silicon is used as the 
substrate material, it has a dielectric constant of e S , .  The 
storage area, located along the first gate, has a depth dl  
perpendicular to the gate and is given a dopant concentra- 
tion NI. The remainder of the charge transport channel, 
of length d2 = d, - d l ,  has dopant concentration N2 (Fig. 
3(a)) or P (Fig. 3(c)). The insulation layers between the 
substrate and the gates are assigned a thickness do with 
dielectric constant E,, = E ~ , / E ~ .  

If the potential on the first gate, at voltage V1, is pos- 
itive with respect to the potential V2 on the second gate, 
the potential reaches a maximum in the first layer at po- 
sition dml .  After the potentials on the gates are reversed 
the place of maximum potential shifts to the interface with 
the insulation layer at the other side of the charge trans- 
port channel. The voltage difference between the two po- 
sitions is the internal potential swing V,,  that can be used 
for charge transfer and charge storage. 

The ratio of the internal voltage swing V, over the ap- 
plied voltage V, = V1 - V 2  is maximized when N2 = 0, 
as shown in Fig. 3(b). When the built-in voltages and 
work-function differences are neglected and homoge- 
neously doped layers are used with N2 = 0, the internal 
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voltage swing V i ,  and optimal dopant concentration N l o  
are easily calculated. According to Fig. 3(b), we have 

V a = 4 N  lo(;d: + CrdodI) (1) 
€si 

with q the electron charge. 
When the applied potentials are reversed, the internal 

potential reaches a maximum in the storage area and we 
have 

By solving N l o  and d,, out of (1) and ( 2 )  and noting that 
the internal voltage swing equals 

V .  IO = Nlo(-$il + erdOdml) 
€si 

we find 

I/. = 10 

with 

NI0 = 

as found from (1 ) .  

+ 2Erdd 
(dl + d2 + 2 ~ ~ d ~ ) ~  (3) 

If the gates and insulation layers are replaced by a layer 
with dopant Po, as was shown in Fig. 2(b) for a JTCCD, 
we can derive in a similar way the internal voltage swing 
Vi 0 

The equations for V i ,  show that when the insulation layer 
thickness is small (or for the JTCCD: Po >> N l o ) ,  the 
conversion of the applied potential swing in an internal 
voltage depends mostly on the ratio of d2/d1 .  

Normally, storage and transfer areas will be con- 
structed by the addition of dopant to these areas. Note that 
as long as an equal amount of additional dopant is added 
to both sides of the device, and d2 is large with respect to 
dl ,  the internal voltage swing remains about the same. 

For a nonzero substrate dopant two different situations 
arise. When N2 > 0, the optimal NI dopant concentration 
is reached when, with the first gate at V2, the electric field 
is zero at the substrate to insulation layer interface as 
shown in Fig. 3(a). By neglecting build-in potentials and 
work-function differences, we find for this situation 

and when the potential is reversed we have, after rear- 
ranging the terms 

9 
€si 

Vu = - ( N , ( ; d ;  + (d2 + ~,.do)d,) 

- Nldml(dl + 4 + 2 ~ r d 0 )  

+ N 2 ( ; d ;  + erdOd2)). (6) 

From (5) and (6) we can find N I  and dml .  The internal 
potential swing is then found by 

V, = + crdOdml). (7) 

In Fig. 4(a), Vi is plotted for different values of N2 as 
a function of d,. The internal voltage swing Vi is less than 
K O ,  with the ratio of Vi/Va decreasing when the back- 
ground dopant is increased. The internal potential swing 
shows an optimum in the charge transport channel width 
for N2 > 0, at which the ratio Vi/Va is maximized. For 
dl 1 0 the internal potential swing is 

The optimal width of the transport channel can then be 
approximated by 

(9) 

For the different substrate concentrations the approxima- 
tion of the optimum for dl 1 0 is shown by the arrows at 
the bottom line of Fig. 4(a). 

When the substrate dopant is of opposite sign to the 
dopant of the charge storage area, the situation changes, 
as is shown in Fig. 3(c). The optimum dopant concentra- 
tion for the storage layer under this condition is reached 
when at the junction of the storage section with the p-type 
substrate the electric field vanishes. In this situation we 
have under similar conditions as for the previous one 

Vu = (N + €,dOdl) + P ( ; d ;  + E,dOd*)). 
E , ,  

(10) 

After the potential is reversed 

Vu = ( N  I(;& + (4 + 4 0 ) d l )  
€si 

- Nld,,,l(dl + d2 + 26,dO) - P ( i d i  + ~,dOd2)). 

(1 1) 

After solving N I  and dml out of (10) and (1 l ) ,  the in- 
ternal potential swing is found by 

V , = A ( N  l(;diI + €rdOdml) + P€rdodz). (12) 
E,, 
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Fig. 4. V, as function of background dopant density and charge transport channel width for V,, = 5.0 V,  do = 0. I pm, t, = 3 ,  
and d ,  = 0.2 pm (a) n-type substrate. Dashed curve: optimal V,(O) for N z  = 0. Arrows show the approximation for the optimal 
transfer channel width by (9). (b) p-type substrate. 

Fig. 4(b) shows that the reduction of the internal voltage 
swing for higher dopant of the substrate is nearly similar 
to the reduction as found for an n-type substrate. Only for 
the highest substrate dopant concentrations do slight dif- 
ferences arise. For dl 1 0 the internal potential swing is 
given by a formula equivalent to (9) with P instead of N 2 .  
So the optimum width of the transport channel is found to 
be independent of the sign of the substrate dopant. 

In IC technology local implantations and subsequent 
diffusion steps are used to create the areas of preference. 
For the trenched tacking CCD the storage and transfer 
area can be realized by implanting the trench sideways, 
as shown in [ 171, [ 181. In this way a more Gaussian type 
of dopant profile is realized. If the Gaussian dopant pro- 
file is given by 

where at the interface with the insulation layer x = 0, then 
the results as calculated for the homogeneous N l o  layer 
can be translated, see for instance [20], [2 I]. 

By setting d2 = d, - d, ,  N l o  = (?r/4)N0, and d l  = 

m a , ,  we obtain from ( 1 )  and (3) 

with 

The result of this corresponds excellently with the results 
of computer simulations. 

The diffusion depth of the implanted layers usually has 
the lower limit set by technological constraints to about 

0.1 pm. Potential profiles with a large ratio of V , /  Vu are 
found for d2 greater than about 2(d, + 2 4 , ) .  When d,  
and do are small, the width of the charge transport channel 
can be less then 1.0 pm. 

The charge handling capability of the device is deter- 
mined by the 2D area of the charge storage section as 
measured along the wall of the trench, and the part of the 
internal voltage swing that can be devoted to charge stor- 
age. If storage and transfer areas are defined by an implant 
of dopant, the depth of these areas is determined by the 
trench opening and the angle of implantation. This angle, 
to the normal of the implanted surface, may reach 70" 
[ 181 (see Section V). Therefore, the depth of the charge 
storage area, as measured along the wall of the trench, is 
limited by the present techology to about three times the 
width of the trench. 

IV. 2D SIMULATIONS 

The tacking CCD has a unit cell that consists of a charge 
blocking, transfer, and storage areas on opposite sides of 
the charge transport channel, with the cells staggered 
equidistantly along the device. The length of the three 
areas should be such that proper charge transport takes 
place. Moreover, holes should be removed from the 
charge transport channel to the substrate or to another spe- 
cially constructed drain. Therefore, two- and three-di- 
mensional simulations have been performed to check the 
feasibility of the TCCD concept. 

As was noted in the previous section, the different areas 
of a TTCCD can be made by implantation and subsequent 
diffusion. The minimal value of a,, and the width of the 
charge transport channel d, were set by technological and 
lithographical constraints to U,, = 0.1 pm and d, = 3 pm, 
while do was chosen to be 0.1 pm. Since the experimental 
device had a p-type background dopant of 5 X 1014 ~ m - ~ ,  
this background dope was used in the simulations. A 
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Fig. 5 .  2D dopant structure and potential distribution for unit cell with 
Gaussian diffusion profiles. (a) Dopant structure: d,,, = 0.1 pm, e,- = 3, d, 
= 3.0 pm, Not = 1.5 x I O ”  cm-’, No? = 0.5 x IO”  cm-’, U,,, = uoOz = 
0.106 pm, N 2  = - 5  x l o t4  cm-’ ,  I,,, = 4.0 pm, I,, = 3.0 pm, I,,, = 5.0 
pm, I ,  = 3.0 pm. (b) Potential distribution, V,, = 15 V.  The potential 
distribution is periodic, no free charge. (c) Potential distribution with free 
charge density in storage area of 3 X IOx per centimeter of trench depth. 

p-type background was chosen in order to drain the holes 
to the bulk, however the relatively high concentration 
complicated the transport. Therefore, special attention 
was paid to the determination of the lengths and the 
amount of additional implant for the three different areas. 

The total cell length was 12 pm, with the length of the 
charge storage area of 4 pm, the length of the charge 
transfer area of 3 pm, and a charge blocking area of 5 
CLm- 

Fig. 5(a) shows the 2D layout of the unit cell. The 
transfer and blocking areas prohibit backwards charge 
transport when the potential on the gates is reversed. The 
lengths were chosen to give a sufficient charge storage 
capability for the storage area. Lithographical details were 
limited to 3 pm, except for the width of the trench, which 
was defined by electron-beam pattern generation. Based 
on simulations, an overlap between the charge storage area 
and the charge transfer area on the other side of the charge 
transport channel of 0.5 to 1.0 pm was found optimal. 
The transfer and storage areas were n-type doped with an 
effective implantation dose of about 1 x lo1* and 2 x 
lo’* cm-*. Results of the simulations with V, = 15 V are 
shown in Fig. 5(b) and (c). Fig. 5(b) shows the potential 
distribution when there are no free charge carriers. Good 
potential characteristics were easily found, however the 
p-substrate dopant did reduce the effective internal volt- 
age swing. 

When electrons are stored in the storage area, as shown 
in Fig. 5(c), the potential distribution in the charge trans- 
fer area is relatively unchanged. For this simulation a 
charge content of about 3 X lo8 electrons per centimeter 
of trench depth was found, giving over 100 000 electrons 
charge handling capability for an effective trench depth of 
more then 4 pm. Note that the TCCD is a bulk-CCD con- 

cept. Free charge is stored in the storage section some 
distance from the interface with the isolation layer. The 
charge transport is limited to the volume between the 
trenches, away from the upper surface, by implanting a 
shallow p-dopant at the upper surface. 

V. DESIGN AND TECHNOLOGY 

A single-lihe TTCCD is designed with input and output 
sections as shown in Fig. 6. The TTCCD line has a total 
length of 128 unit cells. Contacts to the TTCCD are: IN: 
input source, ZG: input gate, FZ1: first trench, FZ2: sec- 
ond trench, RG: reset gate, LS: light shield, RD: reset 
drain, VDD: positive power supply to the output circuit, 
and the SN leakage current drain, Psub: negative power 
supply to output circuit and substrate, OUT: output, Vcc: 
negative power supply to the current source of the output 
source- follower. 

An enlargement of the input section is shown in Fig. 
7(a). The input gate connects the input source to the first 
storage area, located along the lower trench. The input 
can be blocked by lowering the potential on the input gate. 

Connection to the trench gates is made by small addi- 
tional trenches as shown in Fig. 7(b). The slab of poly-Si 
extending out of the trench is contacted by a second poly 
that connected to an A1 layer. Only gate FZ1, located in 
the upper trench, is clocked. FZ2 is fixed at an interme- 
diate voltage. The signal input is accomplished by clock- 
ing the input gate synchronously with the first trench gate 
and applying a potential pulse of various durations to the 
input source itself. 

The last storage section at the FZ2 gate is in direct con- 
tact with the floating diffusion. As this gate is not clocked, 
the charge packet is injected onto the floating diffusion 
when the clocked phase goes negative. The floating dif- 
fusion is coupled to the first gate of a conventional output 
circuit, as was described elsewhere [22]. The floating dif- 
fusion is reset to the reset drain potential by means of a 
reset gate. 

The input and output circuitry is defined by conven- 
tional IC technology. Lithography to define the trenches 
is performed on an electron-beam pattern generator. The 
trenches were aligned parallel to the 1 10-wafer flat. This 
way a vertical trench etched into the wafer exposes an 
100-trench wall along the active region of the TTCCD. 
The trenches are formed by reactive ion etching with an 
oxide mask of about 0.5 pm. A closeup of the trenches 
that defined the charge transport channel is shown in Fig. 
8. The trenches have a width of 1.0 km and a depth of 
about 4.0 pm. To define the implantation for the storage 
and transfer areas a method as described by Peek [ 191 was 
followed. First the trenches are filled to the surface with 
a photoresist. There upon the trenches are covered with a 
masking layer of A1 as shown in Fig. 9(a). After defining 
the openings in the mask for the transfer and storage areas, 
the filler is removed from the trench, as shown in Fig. 
9(b). The uncovered sidewall of the trench is implanted 
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Fig. 6 .  Mask layout of single-line Trenched Tacking CCD with output cir- 
cuit. 128 cells, unit cell length of 12 pm, charge transport channel width 
of 3 pm, and trench width of 1 pm. 

Fig. 7 .  Closeup of layout for input structure, trench contacts, and output 
structure. (a) Input. (b) Trench contacts. (c) Output structure. 

Fig. 8. Cross section of trenches and charge transfer channel. The oxide 
mask of 0.5 pm is visible on the silicon surface. 

through the mask openings at an angle of 17.5" with the 
wall of the trench shown in Fig. 9(c). The implantation 
of the arsenic dose of 6 X lof2 cmP2 is obtained from a 
High Energy Implanter at 300 keV through 10-nm S O 2 .  
The procedure is repeated for an additional implant to the 
storage areas. 

Afterwards an insulation layer of 0.1-pm Si02 is grown 
on the inside of the trenches and the trenches are filled 
with the poly-Si that defines the gates FZ1 and FZ2. The 
active region is covered by an insulation layer and an AI 
light shield. The light shield could be used to suppress 
spurious transfer along the upper surface of the charge 
transfer channel by setting it at an negative voltage. Fig. 
10 shows a photograph of the device as used in our ex- 
periments. 

(c) 

Fig. 9. Local implantation of trenches [19]. (a) Trench filled with pho- 
toresist and covered by AI. (b) After etching of AI and removing photo- 
resist. (c) Local implantation of trenches, (Y = 17.5". 

Fig. 10. Photograph of the single line Trenched Tacking CCD. 

VI. MEASUREMENT RESULTS 
The output of the TTCCD was coupled to an output 

follower circuit and measured on an oscilloscope. The 
output consists of the signal of the charge packet on the 
floating diffusion, superposed on the crosstalk of the po- 
tential swing applied to the gate in the first trench and the 
crosstalk of the reset gate. The bandwidth of the output 
structure, measured by opening the reset gate and apply- 
ing a test signal to the reset drain, exceeded 10 MHz. The 
sensitivity of the output was about 4 pV/electron. Syn- 
chronously with the clocking of the TTCCD gate, the re- 
set gate was clocked with a 10-V potential swing. Cross- 
talk of the reset gate with this clocking voltage was in the 
order of 150 mV. Output waveforms for a 20-V, 10-ps 
clock, applied to one of the trench gates only, are shown 
in Fig. 11. The crosstalk of the potential swing of -5 V 
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Fig. 1 1 .  Oscilloscope trace of output signal ( H :  0.2  psldiv,  V: 50 
mV/div). Clocking period rc, = 10 ps, reset gate pulsewidth r ,  = 0.2 ps. 
V<, , :  crosstalk of trench gate, V,, , :  crosstalk reset gate, Vhb bias-charge 
voltage, V,,,: output signal voltage. 

to + 15 V was about 100 mV. The second trench gate was 
set at 5 V and the reset drain at 16 V. Charge handling 
capability was found limited to about 40 000 electrons for 
a clocking voltage of -5 V to + 15 V and could not fur- 
ther be increased with higher clocking voltages. 

Up to a clocking frequency of 1 MHz, the various stages 
in the output are clearly separable on the oscilloscope. 
Fig. 12(a) shows the output of the TTCCD after 256 
transfers (128 cells) that resulted from a square-wave in- 
put signal of 20 clocking periods at a clocking rate of 100 
kHz. A relatively large transport inefficiency was noted. 
An enlargement of the input and the delayed signal is 
shown in Fig. 12(b). Input was performed by clocking the 
input gate synchronously with the trench gate, and apply- 
ing a pulse to the input. A bias charge of about 10 000 
electrons was added to the signal to improve the charge 
transport efficiency. The delayed pulse has a frequency 
response [23] that corresponds with a transport efficiency 
of about 0.990 per stage. Up to 1 MHz the transport ef- 
ficiency was relatively independent of the clocking pe- 
riod. Increasing the voltage swing did not reduce the 
transport inefficiency further. 

VII. DISCUSSION 

A straight slope of the trench, square to the surface of 
the wafer, would have exposed the 100 surface. The 
trench wall was found slightly tapered (Fig. 8), this in- 
dicates a large number of surface defects. As indicated by 
the 1D calculations of characteristics of dopant profiles, 
a charge transport channel width of 3.0 pm is not optimal 
for a TTCCD with an background dopant of 5 x l O I 4  
~ m - ~ .  Therefore, a considerable increase in charge han- 
dling is expected from a lower doped substrate with op- 
timal dopant concentations. Measurements of the process 
control module showed that in the first devices an insuf- 
ficient amount of dopant has reached the storage and 
transfer areas, as was also indicated by the limited charge 
handling capability. A considerable amount of dopant was 
found at the bottom of the trench. This will have created 

(b) 

Fig. 12. (a) Input and output signal (H: 200 ps/div) for r , ,  = 10 p. Total 
delay time equals 1.28 ms. (Input: V: 0.1 V/div, output: V: 50 mV/div.) 
(b) Enlargement of input and output waveform (H: 40 ps/div). 

additional pockets through which the charge packet could 
leak. Moreover too low a dose, by decreasing the poten- 
tial differences between the blocking, transfer, and stor- 
age areas, facilitates backwards electron flow and limits 
the charge handling capability. 

An increase of charge handling capability is possible 
by a further reduction in the thickness of the insulation 
layer along the wall of the trench and an optimizing of the 
dopant profiles. As lithography has quickly grown in the 
past decade, it has become clear that the width of the 
trench and charge transport channel can be reduced fur- 
ther. For a background dopant of 5 x 1014 cm-3 a charge 
transport channel width of 1.5 pm is optimal. 

Modem solid-state imagers require a vertical overflow 
drain to eliminate charge from overexposed cells. As 
shown in Fig. 13 this can be realized by using a second 
gate that controlls an overflow drain at the bottom of the 
trench. These measures would also prevent charge from 
leaking along the bottom of the trench. More research is 
needed to overcome the technological difficulties associ- 
ated with such a device. 

VIII. CONCLUSIONS 
The Tacking CCD is a new CCD concept that promises 

high charge handling capability, high cell density, and 
high light sensitivity. Preliminary results with a 128-cell 
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Fig. 13. Trenched Tacking CCD structure with second gate for vertical 
antiblooming mechanism. 

delay line have proven the feasibility of the Trenched 
Tacking CCD concept. A charge handling capability of 
40 OOO electrons was found with charge transport effi- 
ciency of 0.990 per stage and a bias charge of 10 000 
electrons. By selecting a p-type substrate of lower back- 
ground concentration, the charge handling capability of 
our devices can be considerably increased. The measured 
transport inefficiency was attributed to a doping density 
too low for transfer and storge sections and an unexpect- 
edly large amount of dopant found at the bottom of the 
trenches. Experiments therefore are starting to optimize 
the doping of the trenches and to straighten the vertical 
walls of the trench. 
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