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Abstract: A detailed numerical analysis of charge-coupled-device (CCD) charge transfer is described and discussed. The analysis 
is based on solving the  transport equation with  a time-dependent surface field calculated from the actual device configuration. Devices 
with  different oxide thicknesses and devices with electrode gaps are examined. The total  field is found to play  an  important role in  charge 
transfer for all cases studied. The effective channel length is modulated  by the net field present and is a function of time  and electrode 
configuration. The transfer is found fastest and the effective channel length shortest when the charge is transferred from a region of 
low oxide capacitance into a region of high oxide capacitance. A low-capacitance electrode gap slows the charge transfer process. 

Introduction 
The charge-coupled device (CCD),  since  its introduction 
by Bell Laboratories [ 1 1 ,  has  generated  much  theoret- 
ical and experimental interest [2-151. It  has been  dem- 
onstrated  to  be useful in high density  memory [ 16-20] 
and in image sensing [2 1 ,  221. The  device  operates by 
moving minority carriers along a series of potential wells 
formed by a metal-oxide-semiconductor (MOS)  array. 
Strain and  Schryer [2] used a simplified transport equa- 
tion  and simplified boundary  conditions to  show  that  the 
transfer of minority carriers  takes place initially due to a 
self-induced drifting field and  later by  a diffusion process. 
That  analysis neglected any fringe field due  to  adjacent 
electrodes.  Heller,  Chang  and Lo [4] later  assumed a 
constant fringe field and showed that  the  transfer  charac- 
teristics of the  device  can be modified significantly by the 
inclusion of the fringe field. Mohsen  et al. [ 151, Amelio 
[23], and  Carnes  et al. [24] extended  the analysis by in- 
cluding an  approximate fringe field. However, in this 
work, we  conclude  that  the  amount of charge-induced 
field and  the  amount of fringe field both depend  on  the 
actual electrode configuration and  that both are  functions 
of time. We  use a  numerical  method to realistically calcu- 
late  the  transfer  characteristics of CCD devices.  The 
analysis  includes  both devices with  different oxide thick- 
nesses  and  devices with electrode gaps. No attempt  is 
made  to differentiate between the effect of the charge- 
induced field and  the effect of the fringe field due  to adja- 
cent  electrodes.  The time-dependent  total field that  must 
be  calculated depends  on  both  the  charge distribution and 
the  electrode configuration. As a consequence, different 
electrode configurations have different  effects on  the 
CCD charge transfer  characteristics. With proper design, 

the  total field modulates  the effective device channel 
length and  speeds up charge  transfer.  The effect of sur- 
face  states is not considered in this paper. 

Mathematical analysis 
A  general  form of a C C D  structure is shown in Fig. 1. 
Assume  that  the minority carriers  per unit area, n*(n* ,  
t * )  (an asterisk is used to  represent unnormalized  quan- 
tities), flow along the silicon surface within a channel 
of infinitesimal thickness. The  transport  equations 
governing the  transfer of minority carriers in the x* di- 
rection are 

y=-, and an* aJ* 
at* ax* 

J *  ( X * ,  t * )  = qp* rq - - + n*E,*J, 

where J* is the  current  density  per unit  width  perpen- 
dicular  to  the  direction of carrier flow and p* is  the 
carrier mobility. The  surface tangential electric field, 
E,* (x*, t * ) ,  is determined by solving the two-dimen- 
sional boundary value  problem defined by  the following 
equations [ 2 5 ] :  

0"4* = 0; y*  1 0, (3  1 



and 

E,* ( X * ,  t* 1 = - (a+*  /ax* la;=o , (6) 

with the boundary  conditions 

+ * ( x * ,   y * ,  t * )  = o at [x*' + y*'$ = m; (7) 

+ * ( x * ,   y * ,   t * )  = V l * ( t * )  - +is 
= Vf ( t*  ) on  the ith electrode, (8) 

where q is  the  electronic charge, k is Boltzmann's  con- 
stant, T is the  absolute  temperature, +* ( x * ,   y * ,  t*) is the 
potential at time t* ,  NZ and NZB are doping densities  at 
( x * ,   y * )  and (x* ,   y*  = *) respectively, and +& is the 
work  function  difference between  the metal and  the bulk 
substrate  at y*  = -. N , * ( x * )  is  the effective immobile 
surface  charge density  and is  assumed  to  be time inde- 
pendent. Also, 6(  y * )  is the  Dirac  delta function, and 
and  are  the permittivities of silicon and oxide, re- 
spectively. 

On  the Si-SiO, interface y* = 0, and  both the potential 
and  the tangential electric field are  continuous,  whereas 
the normal component of the displacement vector is dis- 
continuous by the  amount of surface  charge  associated 
with mobile carriers  and  the  surface  states. We have  as- 
sumed that  the  substrate is p-type  with  doping  density 
NX(x*,   y*  ). The ith electrode is W r  in width, hr above 
the silicon surface  and  is  driven by a pulse  voltage Vi* as 
shown in Fig. 1. The  upper and lower half space  are filled 
with SiO, and Si, respectively. In writing Eq. ( 5  ) we  have 
neglected the bulk minority carriers  and  assumed  that  the 
bulk majority carriers  are in thermal equilibrium at all 
times  under pulse  voltage  operation. The mobility p* is 
assumed  to  be  constant pg*. 

Equations ( 1) to  (8)  can be normalized by defining 

A,= [(&zi k T ) / ( q 2  N : , ) ] ; ;   x = x * / X , ;   y = y * / h , ;  

Then  the normalized equations become 

an aJ 
a7 ax ' 
"_ - 

l+W+ p-substrate 
Si 

Figure 1 A schematic  representation of the  structure of a 
charge-coupled device. 

vz+ = 0 ;  y 1 0, (12)  

vz+ = -p; y 5 0,  (13) 

P = exp(-+) - N A ( x ,  Y )  + 8 ( y ) [ N s ( x )  - nl,   (14) 

+s = 6(x ,  0, t ) ,  (15)  

+ = 0 at (x' + y z ) i  = m, and  (16) 

+ = Vi on  the ith electrode.  (17) 

To  obtain  the  complete solution, Eqs. (10) through 
(17) must  be  solved  simultaneously. Even through the 
use of a  modern high speed computer, this  calculation is 
a rather time  consuming process. To  speed  up  the solu- 
tion, the following procedures  are followed. Equations 
( 12) through ( 17)  are solved by initially assuming a 
given  charge  distribution. The resulting bulk charge  and 
the surface  potential are used as the initial conditions for 
Eq. ( l o ) ,  which is then solved by assuming that  the bulk 
charge  does  not  change during the  short time  period over 
which the solution is being calculated. The  surface po- 
tential,  however, is continuously  calculated by taking 
into  account  the variation of surface  charge  and  the elec- 
trode charge. After a short period of time, Eqs.  (12) 
through ( 1 7 )  are re-solved to obtain a new bulk charge 
distribution by using the previously  obtained  surface 
charge. The  process is repeated by alternating between 
the solution of Eq.  (10)  and  the solution of Eqs.  (12) 
through ( 17).  The time  interval  consumed in recalculat- 
ing the bulk charge is kept  short so that a good approxi- 
mation  can be obtained. Because  the calculation of bulk 
charge is made  only  a few times, a  considerable saving 
in computing  time is obtained. 

The potential + in the  upper half space  can be ex- 
pressed as [ 251 

+(x, y ,  7) = q i (x ' ,  7) G , , ( x ,  Y b ' ,  hi) dx' 
i = l  1:: 
- lm n ( x ' ,  T) G , , ( x ,  YIX ' ,  0) dx' 

"p 

$- + s s ( X ,  Y ,  71, where  (18) 437 
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y 1 0; y’ 2 0, 

274 1 + e )  

+ ( Y  - Y’)21; 

y 1 0; y’ 5 0. (21) 

The electrode charges ql(x, T) and the minority charges 
n(x, 7 ) .  are approximated by piecewise-linear distribu- 
tions, and the potential is given by 

G,,(x, YIX’,  Y‘) = - ln[(x-xf)z 

1 

N m  L 

Y, T ,  = 2 qik(T) Y) - n1(7) B , ( x ,  Y) 
i=l  k = l  1=1 

+ d ~ s ( x ,  Y 9  7 )  

= Y)lT[q1 - [B(x, y)]’[n] + &s(x, Y? 71, 

(22) 
where qjk(T) is the electrode charge density at x = zik, 
y = hi and n1(7 )  is the minority charge density at X = xl,  
y = 0. Here, the boldface bracket, [ ] denotes the column 
matrix  and T indicates the transpose. The matrix  ele- 
ments A ,  and B ,  are 

X G,,(x, ylx’, 0) dx’. (24) 

Here, 6,, is the Kronecker delta function. The column 
matrix  [q] can be  obtained by requiring that ( 17) be satis- 
fiedatx=xi,k,y=hi,i=1,2,...,N,k=1,2,-..,rn.0r 
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The column matrices D and GI are time independent, and 
Eq. (28) is used in conjunction with Eg. ( 1 1 )  to solve 
Eq. ( 10) during the period T 1 T ~ .  Apprgximate solutions 
to Eq. ( 10) can be presented in the folloying forms: 

Care has been taken so that the minority charges n, 
would not become  negative. If n, i s  negative, it is reset 
to zero and the current J is adjusted so that the total 
amount of charges is conserved. 
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Numerical results 
Based on  the  above  approach, several  calculated results 
are shown in Fig. 2. All electrodes  are 5 pm in width. The 
substrate is p-type and  is  doped uniformly with density 
5 X 1015/cm3. The  surface  state  charge density of the 
stepped-oxide devices is assumed  to  be lO1'/cm2. The 
minority carriers  are  assumed  to  be uniformly distributed 
under  the first gate with concentration  chosen  such  that 
the value S q ,  defined in [ 21, is 10 V. The mobility is  as- 
sumed to be  400 cm2/V-s.  The  transfer  characteristic 
(curve  a) calculated in [ 21 is included in the figure for 
comparison. Curve b, shows  the  transfer  characteristic 
of the  charges being transferred from thick oxide region 
(2000 A) into thin oxide region ( 1000 A ) .  Because the 
field penetrates substantially deep  under  gate 1, the 
charge is swept  out of gate 1 much faster than that with- 
out a fringe field (curve a). The time-dependent surface 
potential  distribution is shown in Fig. 3. It  is  seen  that 
the effective  channel length is actually  reduced and  the 
charge  reduces  to a small value under  the  gate instead of 
at the edge of the  electrode  as commonly  assumed. The 
bulk charge is recalculated in this case  at times (all ns) , 

' t =  0,  0.051; 0.1,  0.2,  0.4, 0.8, and 2. After 2 ns the sur- 
face potential changes very  little, indicating that  the 
amount of charge left to be  transferred is small. There- 
fore, no further recalculation of bulk charge is necessary 
to  determine  the  transfer efficiency of the device.  When 
the  same  amount of charge is initially stored  under  the 
thin oxide region, the  transfer  characteristic of the  charge 
transferring into thick oxide region is given by curve b, 
(Fig.  2).  The charge  quickly fills up the potential well 
under  gate 2 and  leaves behind more than  one fifth  of the 
initial charge  under  gate 1. To  have a complete  transfer 
and to maintain Sq ,  = 10 V, the initial charge  density is 
changed to 1.66 X 1012/cmz and the difference between 
the applied  voltages is increased to 24 V instead of the 
10 V  used in case b,. Even with  this  large  potential differ- 
ence,  the  transfer  (curve c,) is slower  than in case b,. 
The reason is  that  the field, due  to shielding associated 
with electrode 1, is smaller in this case.  Figure 4 shows 
the  surface potential profile as a function of time for c,. 
The time  indicated is the time at which the bulk charge 
is recalculated. The  charge can be  seen  to  approach a 
small value at  a point closer  to  the edge of the  electrode. 

The effect of the  amount of potential  difference be- 
tween  the  two neighboring potential wells can  be seen  on 
curves c,, c, and c,. The potential  differences at t = 2 ns 
(which  is very  close to  the final potential  difference  when 
all charges  are completely transferred)  are  about 2.9 V, 
1.6 V, 0.8 V and 0.6 V, respectively, for  curves c,, c,, c3 
and c,. When the two  potential wells approach  each  other, 
the  transfer slows down considerably. I t  is important  to 
note  that in cases c, and c4, the  transfer is slower  than 
that predicted by the simple no-fringe-field theory,  curve 
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Figure 2 The transfer efficiency of a CCD. W* = 5 pm, N:= 
5 X lOI5/cm3, p: = 400  cm2/V-s.  (a) Simple theory (Strainand 

v; v: - 
Schryer),Sq, = 10 V.  (b) and (c) h T T  I h: (b,) h: = 

2000 8,, hz = 1000 8,, V :  = 13 V, V :  = 23 V n" = 0.96 X 

1012/cmp,n:=  1011/cm2. (b , )  Sameas  (b,),excepth:=lOOOjj, 
h: = 2000 8,. (c,) h: = 1000 A, h: = 2000 A, VT = 1 1  V, V i =  
35 V, n* = 1.6 X 1012/cm2, n: = 1011/cm2. (c,) Same as  (CJ, 
except V :  = 33 V. (c,) Same as (c,), except V :  = 3  1.5 V. (c,) 
Same as (c l ) ,  except V ;  = 3 1 V.  (d) and (e):  

(dl)  V :  = 9 V, V z  = 24 V.  (d,) V :  = 9 V, V :  = I8 V.  (e) n* = 

1 . 5 1 X 1 0 1 2 / c m 2 , n * , = 3 X 1 0 1 1 / c m 2 , V ~ = 8 V , V * , = 1 7 V .  

a. The simple theory gives a good qualitative  result, al- 
though it is not  adequate  to predict the detailed transfer 
in view of the large variation of results obtained. To  ob- 
tain  a  speedy transfer, a moderate potential difference 
must  be  maintained between  the  two  adjacent potential 
wells. When charge  is  transferred  to a low capacitance 
region from a high capacitance region, the  surface poten- 
tial variation in the lower capacitance region is larger  than 
that in the higher capacitance region; thus it tends  to re- 439 
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Figure 3 Time  dependence  surface  potential  profile for case b,. 

Figure 5 Time  dependence  surface  potential  profile for case dl. - - 
n r "  
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duce  the effective driving field and  causes  the  transfer  to 
slow down.  This fact can be seen  more clearly in a  gapped 
structure.  Curves  dl, d, and e (Fig.  2) indicate the re- 
sults calculated for a device with a 2-pm gap. The  oxide 
thickness is 1000 A. No surface  state  charge is assumed 
for  cases  dl and d,. The  charge  density again is Sq, = 

10 V. The applied  voltages in dl   are 9 V and 24 V. From 
dl,  the  transfer is seen  to  be slower initially, but  the trans- 
fer  rate is speeded  up  later by the  surface field. Figure 5 
shows  the  surface potential  distribution as a  function of 440 
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Figure 4 Time  dependence  surface  potential  profile for case c,. 

time for  dl.  The initial transfer is slowed down by the 
fact  that part of the  charges  have  to be  moved  backward 
initially and, more  importantly, the effective  channel 
length is moved  considerably outward  into  the gap. Un- 
less  the  amount of surface field in the  gap region is ex- 
tremely  large, the effective channel length is lengthened 
and  the  device  behaves  as a longer electrode device. I t  
is interesting to  note  that if the effective channel length 
is taken  to be 7 pm  (the combined  length of the  electrode 
and  the  gap),  and if the time is multiplied by ( 5 /  7)' so 
that  the  transfer  characteristic  corresponds  to a 5 pm de- 
vice, the  transfer would follow roughly along curve c,. 
If the:receiving potential well, being filled up by the trans- 
ferred  charge,  approaches  the  source potential well, the 
effective  channel  length would be  further lengthened and 
the  transfer slowed down  more. Eventually  a  potential 
barrier may form and  the remaining charge is trapped. 
Curve d, shows  such a case with a potential barrier in 
the gap. The  barrier can be lowered or eliminated with a 
higher concentration of surface-state charge. An  example 
is given in curve e. In practice, however,  such a high 
density of surface  state  charge in some  cases  can not  be 
tolerated.  When  this is  true, a  higher gate voltage or a 
smaller gap is required to eliminate the barrier. From 
Fig. 2, even though we  have used  a  doping concentration 
of 5 X 1015/cm3, the  transfer  characteristics of the  de- 
vice are  seen  to  be modified greatly by the  amount of 
total existing field due  to  the different electrode configura- 
tion and  the applied  voltages. 

If a lighter  doping, such  as  that employed by Amelio 
[23] is used, the  amount of total field  will increase, and 
its effect on  the  device  transfer  characteristic will be even 
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more pronounced.  In  the  above  example, all voltages are 
assumed to be applied suddenly at t = 0. An  example of 
time-dependent  applied  voltages is given in Fig. 6 for a 
three-electrode  CCD.  The  cusp of the  curve is due  to 
backflow of charges  from  gate 2 into  gate 1 .  The inclu- 
sion of field-dependent mobility in the  analysis slightly 
slows down the transfer, but the overall characteristic 
remains unchanged. 

Summary 
A  detailed  analysis of CCD charge  transfer  has been de- 
scribed. The analysis is based on solving the  transport 
equation with the  actual time-dependent  surface field cal- 
culated for a practical CCD structure.  Devices with dif- 
ferent oxide thicknesses  and  devices with electrode  gaps 
have been  examined. It is found that  the  net  surface field 
plays an  important role in all cases studied. The effective 
channel length is found to be  modulated by the  net sur- 
face field and  depends  on  the  electrode configuration of 
the device.  When charge is transferred  from a  low oxide 
capacitance region into a high oxide  capacitance region, 
the effective channel length is shortest and the  transfer 
fastest for the  cases studied. The  transfer is slowest  for 
a gapped device  with,the  same  electrode length. The ef- 
fective  channel length of the gapped device can be varied 
from about  one  electrode length to roughly a  combined 
length of the  electrode  and  the gap,  depending on  the 
amount of net field present in the gap as a  function of 
time. In view of the large variation of results  obtained, 
the simple one-dimensional  analysis must be used with 
some caution. 
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