
HAL Id: jpa-00221658
https://hal.science/jpa-00221658

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

HOT CARRIERS IN REDUCED GEOMETRY
SURFACE-CHANNEL CHARGE-COUPLED

DEVICES
André Touboul, J. Lopez, G. Lecoy

To cite this version:
André Touboul, J. Lopez, G. Lecoy. HOT CARRIERS IN REDUCED GEOMETRY SURFACE-
CHANNEL CHARGE-COUPLED DEVICES. Journal de Physique Colloques, 1981, 42 (C7), pp.C7-
183-C7-192. �10.1051/jphyscol:1981721�. �jpa-00221658�

https://hal.science/jpa-00221658
https://hal.archives-ouvertes.fr


HOT CARRIERS IN REDUCED GEOMETRY SURFACE-CHANNEL CHARGE-COUPLED DEVICES 

Abstract : In a surface-channel C.C.D., e l e c t r i c f i e l d s have been computed 
wi th the help of a f i n i t e - d i f f e r e n c e method. The normal f i e l d , higher than the 
c r i t i c a l value, can create impact i on i za t i on under the gates but not i n the 
gaps. Nevertheless t h i s f i e l d i s not c ruc ia l f o r the C.C.D. operat ion as a 
s h i f t r e g i s t e r . The long i tud ina l f i e l d , defined as the sum of two components, 
i s higher than the c r i t i c a l f i e l d but a t the very beginning of the t rans fe r . 
A l l those resu l t s have been found again f o r a theore t i ca l device w i th 1.5 \m 
gate length . 
Nevertheless t h i s heating of the ca r r i e rs i s found to be the major l i m i t a t i o n 
to the maximum t rans fe r frequency. 

I . INTRODUCTION 

Reducing the dimensions of surface-channel Charge-Coupled Devices has two 

main purposes : increasing the densi ty of i n teg ra t i on and operat ing the devices a t 

higher t rans fe r ra tes . 

As the charge t rans fe r i s contro led by the in te r face e l e c t r i c f i e l d s , we may 

expect hot ca r r i e r s which w i l l consequently a f f ec t the t rans fe r and/or the storage 

behaviour o f the device. This work has been focused on the t rans fe r of f ree ca r r ie rs 

in a surface p-channel C.C.D. presenting a very simple electrode stucture : one l e ­

vel o f me ta l l i c (A l ) gates w i th in te re lec t rode gaps. The values of the e l e c t r i c 

f i e l d s under the gates and i n the gaps could be such tha t impact i on i za t i on mecha­

nisms, hot ca r r i e rs i n j e c t i o n in to SiO„ or mob i l i t y sa tura t ion (and then v e l o c i t y 

sa tura t ion) might take place and reduce the t rans fe r speed. An actual sequence of 

t rans fe r used f o r C.C.D.'s operat ion is described.The clok pulses VQI and VQ2 appl ied 
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t o  two adjacent gates are  represented in Fig. 1. 

The following sequences will be considered : 

i )  the carr iers  are stored under 
the gate G l  ; the VG1 and VG2 s i -  I I I  I I 

gnals are respectively equal to 

Vst and V r .  

i i )  the VG2 signal swings from 

V r  t o  Vst : the charge transfer 
t 

I l l  

I  4 I I  s t a r t s .  I 1 1 ;  I 
I &! i 1 

i i i )  VGl and VG2 are equal du- I 
1 ;tt : ; 

ring the clock pulses overlap. v 

;'" iv)  the transfer i s  finishing : I I I f L e n d  of the 

VG1 goes to V r .  I 
I I  1 ' 1  ' ' I I transfer 
I 

For most of clock fre-  ----!J st 
I I ; \ :  r 

quencies, these two clock s i -  {pulse overlap 

gnals present th is  and  Fig. 1 : Clock pulses diagram fo r  a complete 
a ~ i s e  time z, much smaller than sequence of transfer (3-phase C.C.D.). 

the f a l l  time T~ (see f ig .  1 ) .  

In order to evaluate the e l ec t r i c  f i e lds ,  we have developed a simulation of 

the elementary transfer process between two gates. This 2-D model of the device ope- 

ration includes the ef fec t  of the interelectrode gap and takes into account the 

field-dependent mobility. 

A 1-D model of the r1.O.S. structure has given results  supporting a "sheet- 

model" fo r  the inversion channel where the f ree  carr iers  are located. 

2. CHARACTERIZATION AND CALCULATION OF THE ELECTRIC FIELDS 

Normal components E N  of the f ie ld  will be distinguished from longitudinal 

ones EL ( i n  the t ransfer  direction : 6 axis) .  

To calculate the strength of the f ie lds ,  we need a physical model of the 

structure defined by the following assumptions : 

i )  the oxide layer (thickness : do,) i s  ideal 

i i )  the Si-Si02 interface i s  f r ee  of traps 

j i i )  we have neglected the quantum effec ts  associated with the inversion layer popu- 

lat ion [ 1 1  

iv )  for  the considered intervals of time which control the transfer sequences, ther- 

mal generation of carr iers  i s  not taken into account. 

v )  the majority carr ier  current i s  negligible. 



This s e t  of equations i s  used f o r  a n-type s i l i c o n  s u b s t r a t e  (p-channel) 

AV = 0 

f o r  0 < y < do, 

The boundary condit ions a r e  : " F 
~ ( x , y )  + 0 f o r  Y + I 

metal (A]) ~ ( x , y )  + 0 f o r  Y + rn - 
p(x,y)  + 0 f o r  Y -+ rn Si  02 

dox 
n-type Si 

The resolut ion of these  equations by means of a f i n i t e  d i f fe rences  method 

under one ga te  leads t o  the  normal f i e l d  E N  a f t e r  t h e  onset  of t h e  deep deplet ion 

regime and an ideal  i n j e c t i o n  of minority c a r r i e r s  ( the  s igna l )  represent ing t h e  

inversion layer  population. The r e s u l t s  of  t h i s  ca lcu la t ions  imply a 1-D mod~l  f o r  

the  transversal f i e l d  : 99 % of the s ignal  c a r r i e r s  a r e  located in  about 120 A under 

the  oxide layer  f o r  a voltage swing of 10 V on the gate .  For a doping densi ty of 
15 N D  = 10 /cm3, the  normal f i e l d  E N  and t h e  signal charges Qs d i s t r i b u t i o n  a r e  

p lo t ted  i n  Fig. 2. 

Fig. 2 : Normal f i e l d  En  and c a r r i e r  densi ty QS a t  t h e  in te r face .  
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Eqs. (1) to (4) become easier  to solve and the longitudinal f i e lds  can be cal- 

culated anywhere along the interface when considering a "sheet-model" fo r  the char- 

ges and an in f in i t e  depleted region. The structure under t e s t  i s  represented in 

Fig. 3 : i t  i s  periodic. Different gate lengths ( L  : 12+4  urn) and gaps (2+0.4  urn) 
have been considered. A theoretical structure ( L  = 1.5 urn and g = 0.1 ym) has also 

been investigated to point out specific gate shortening ef fec ts .  

Figure 3 : Longitudinal view of the structure used f o r  the transfer model. 

gap G1 G2 

The charge transfer in the x-direction i s  expressed by (3) and (4)  which 

9 
l 1 . I t - L  

give : 

J~ ( x , t )  = q u { ~ ~ ( x , t )  p (x , t )  - 
P 

'-/2 
i 4 A l  

The e l ec t r i c  f i e ld  E L ( x , t )  i s  the sum of an external component Ee(x,t) due to the 

neighbouring gate voltages C2 ] and of an internal component Ei  ( x , t )  induced by 

the charges r 3 1; E i  ( x , t )  i s  evaluated from the analytic expression derived by 

Carnes [ 3 1  on the basis of the surface potential 1 4  ] : 

Ei(x , t )  = - a ap(x,t)  
a x  (11) 

do, =0;12,1~ m  I 

n-type S ~ ( N ~ = I O ' ~ C ~ - ~ )  S ~ O ;  

The knowledge of VG1 and VG2 corresponding to  the different transfer sequences 

applied to  eqs (1) and (2) leads to  Ee.  

Then (8) ,  (9) and (10) can k solved everywhere to  give the carr ier  density p (x , t )  . The 

numerical methods used for a l l  the differential  equations are based on a f i n i t e  dif-  

ference scheme E, 6 1 .  

In the interelectrode gaps, we have derived an analytic expression of the potential 

which i s  a function of the two adjacent gate voltages, the oxide thickness, and the 

depletion layer depth. 



3. EFFECT OF THE NORMAL FIELD EN 

For the devices described i n  sec t ion  Z ) ,  we have ca lcu la ted  t h i s  f i e l d  a t  the 

i n t e r f a c e .  When there i s  no c a r r i e r  i n  the  sur face w e l l ,  the  value o f  EN under the 
4 middle o f  a  gate i s  5.0 x  10 v/cm f o r  l vG l  = 10 V. The presence o f  m i n o r i t y  carr iers  

5 increases s t rong ly  t h i s  f i e l d  and i t  reaches 3.5 x 10 v/cm fo r  a  c a r r i e r  densi ty  
12 o f  1.5 x 10 /cm2. This s i t u a t i o n  i s  repor ted i n  f i g u r e  2. 

I n  the  gaps between two gates, a  p o t e n t i a l  b a r r i e r  takes place. When the two 

gates are biased a t  the  same p o t e n t i a l  = I V G 2 1  = 10 V,  t h i s  b a r r i e r  AVs i s  

a  s t rong f u n c t i o n  o f  the  gate leng th  L and o f  the  gap width g. The d i f f e r e n t  va- 

lues o f  AVs and EN i n  the  gaps a re  given i n  t a b l e  1. 

Table 1 : Values o f  the p o t e n t i a l  b a r r i e r  and EN 
i n  the gaps. 

The e f f e c t  o f  the gate f i e l d  has been ex tens ive ly  s tud ied i n  M.O.S. s t ruc tu res  

, 8 , 97 . We s h a l l  p o i n t  ou t  i t s  s p e c i f i c  e f f e c t s  on C.C.D.'s operat ions. 

i )  For these t y p i c a l  values o f  the gate voltages (IVst - VrI= 10 V), the  doping 
15 3 densi ty  (ND = 10 /cm ) and o f  the ox ide thickness, the  normal f i e l d  i s  always less  

than the ox ide breakdown f i e l d ,  nevertheless i t i s  s t ronger  than the c r i t i c a l  f i e l d  
4 E which i s  1.8 x 10 v/cm f o r  holes [ l o ]  and can even produce impact i o n i z a t i o n  

P 
[: 11 1 under the gates b u t  n o t  i n  the gaps. This e f f e c t  could occur bu t  fo r  more 

doped substrates.  Nevertheless, t h e  r e s u l t i n g  change i n  c a r r i e r  dens i t y  would n o t  

be o f  a  g rea t  importance ( l e s s  than on the f i r s t - o r d e r  operat ion of C.C.D.'s. 

ii) Another consequence o f  t h i s  normal f i e l d  could be the i n j e c t i o n  o f  h o t  c a r r i e r s  

i n t o  Si02.As the C.C.D.'s under study are implemented on n-type substrate, the f r e e  

c a r r i e r s  are holes. The energy b a r r i e r  a t  the i n t e r f a c e  i s  o f  the order o f  3.8 eV 

r 8 1  and reduces the emission p r o b a b i l i t y .  This i n j e c t i o n  could a r i s e  from "Channel 

Hot Car r ie rs "  when the c a r r i e r s  are t r a n s f e r r i n g  along the device o r  from "Substra- 

t e  Hot Car r ie rs "  f o r  some thermal ly  generated c a r r i e r s .  

Anyway, the s h i f t  AVT o f  the threshold vo l tage does n o t  c o n s t i t u t e  a very 

c r u c i a l  l i m i t a t i o n  because the device working as a delay l i n e  i s  always biased i n  

the deep dep le t ion  regime f o r  times smal ler  than those r u l i n g  the thermal genera- 
t i o n .  A s i m p l i f i e d  c a l c u l a t i o n  o f  t h i s  s h i f t  AVT f o r  the above-mentioned data gives 
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values less  than 10-2 V. 

4. ANALYSIS OF THE LONGITUDINAL FIELD EL DURING THE TRANSFER 

The v a r i a t i o n  o f  the  m o b i l i t y  w i t h  the e l e c t r i c  f i e l d  EL(x)  i s  introduced by 

the r e l a t i o n  : 
1 / B  

up = uo /{I + L E ~ ( X ) / E ~ J ~ }  

where po i s  the "low f i e l d "  i n t e r f a c e  m o b i l i t y  taken equal t o  h a l f  the bulk  value, 

Ec i s  the c r i t i c a l  f i e l d  and B a parameter equal t o  2 as repor ted i n  [ l o ]  , p 2 J  . 
I n  t h i s  sect ion, we s h a l l  comment the r e s u l t s  o f  the f i e l d  c a l c u l a t i o n  f o r  the 

d i f f e r e n t  stages o f  the t rans fe r .  

i )  storage under the gate G1 : 

The t rans fe r  s imu la t ion  i s  i n i t i a t e d  w i t h  an a r b i t r a r y  d i s t r i b u t i o n  o f  car- 

r i e r s  under the e m i t t i n g  gate G 1  under which t h e i r  densi ty  i s  se t  constant.  

The values o f  the external  f i e l d  Ee a t  the  middle o f  the gaps are very depen- 
4 dent on the  gap w id th  g : Ee = 2.2 -t 9.43 x  10 V/cm when g i s  reduced from 2 t o  

0.4 um (gate vo l tage : - 10 V). A t  the edges of the gates, t h i s  component Ee i n -  
4  creases a lso  when g decreases (Ee : 2.62 -t 7.91 10 V/cm) whereas i t  i s  near ly  un- 

s e n s i t i v e  t o  v a r i a t i o n s  o f  the gate leng th  L from 12 t o  4 um. For a t h e o r e t i c a l  de- 

v i ce  (L = 1.5 pm and g = 0.1 pm), the c a l c u l a t i o n  gives f o r  a  gate vo l tage o f  - 5 V :  
4  Ee = 7.61 x  10 V/cm i n  the  mid-gap 
4 {Ee = 5.4 x  10 V/cm a t  the  gate edges 

5 These values o f  Ee a l low us t o  expect f i e l d s  h igher  than 10 V/cm f o r  gate 

voltages greater  than - 5 V. 

I t  should be no t i ced  t h a t  a l l  the values o f  Ee are h igher  than the c r i t i c a l  

f i e l d  Ec. 

The i n t e r n a l  f i e l d  Ei has a very s i m i l a r  magnitude b u t  i t s  s i g n  i s  always op- 

p o s i t e  t o  the one o f  Ee. Under the same b ias  condi t ions and a t  the  same locat ions,  

the computed values a re  : 

4 E. = 5.42 +- 9.2 x  10 V/cm i n  the mid-gap 
1 

4 {Ei = 1.81 f 5.4 x  10 V/cm a t  the gate edges f o r  g  vary ing from 2 t o  0.4 urn. 
For the 1.5 um device, Ei compensates e x a c t l y  Ee i n  the gaps. 

The r e s u l t i n g  f i e l d  EL (eq. 9) i s  smal ler  than any o f  the two components b u t  

s t i l l  h igher  than Ec a t  the gate edges. This  f i e l d  EL w i l l  p lay  an impor tant  r o l e  

dur ing the next  two stages. I n  f i g u r e  4, the r e s u l t i n g  f i e l d  EL and the  two compo- 

nents Ee, Ei are p l o t t e d  f o r  a  4 pm gate leng th  device. 



Fig.  4  : The l o n g i t u d i n a l  f i e l d  EL and 
the two components E i  , Ee a t  the 
beginning o f  the  t rans fe r .  
EL,,,, = 2  x ~ O ~ V / C M  ; 
Ee,max = 9.43 X 104 V/CM ; 
Ei  ,max = 9.23 x 104 V/CM. 

I ! 

T.' 
i i )  Rise t ime of V G ~  and c lock pulses over lap -1 - 

When VG2 i s  equal t o  Vst , EL i s  s t i l l  h igher  than Ec ; then, the f i r s t  p a r t  

o f  the  t r a n s f e r r e d  c a r r i e r s  w i l l  reach the s a t u r a t i o n  v e l o c i t y  on ly  i n  the gaps. 

This w i l l  l a s t  from 1 t o  lo-' nsec according t o  the e lect rode dimensions which impo- 

se the  c lock  frequency. At  the beginning o f  the pulses overlap, the  values o f  EL are 
4  equal t o  1.8 10 V/cm a t  the gate edges f o r  t h e  4  pm device. 

For the 1.5 vm device, t h i s  f i e l d  i s  more important (even f o r  VG = - 5  V) : 
4  EL = 2.75 x  10 V/cm i n  the gap 
4  1 EL = 3.12 x  10 V/cm a t  the G2 gate edge 

The external  f i e l d  Ee decreases t o  lower values i n  the gaps and i t s  d i r e c t i o n  

changes a t  the  exact mid-gap. The t r a n s f e r  i s  con t ro led  exc lus ive ly  by Ei. 

The r e s u l t i n g  f i e l d  EL a t  the  end o f  the  over lap has t y p i c a l  values o f  3  t o  
3  

6 x  10 V/cm f o r  any device. An e q u i l i b r i u m  i s  reached f o r  the  c a r r i e r s  d i s t r i b u t i o n  

under the two gates (see F ig .  5 ) .  An extremum i s  obtained i n  the midgap : 

Fig. 5  : D i s t r i b u t i o n  o f  the ca r r ie rs  
a t  the  end o f  the  pulse over lap stage 
( the  ind ica ted  t ime gives the  dura- ~ ( 0 . 6  nrec)  

t i o n  o f  the  overlap) 
A : L = 1 2 ~ m  ; g = 2  urn -. 
B : L =  4 v m  ; g = 0 . 4 v m  I - - -  
C : L  = 1 . 5 ~ ~  ; g = 0.1 pm e ) :  ,t' - - - - - ' .  

1 '  
I , ' 

O b l l l i  ' I 1 8  

I II~C 

-WB 
t I A GI L P  G2 
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consequently E i  will be null and change i t s  direction fo r  gaps larger than 0.1pm. 

This i l l u s t r a t e s  the ef fec t  of the potential barrier  AVS in the gaps reported in 

table 1, of section 3. 

i i i )  Fall time of VG1 : f inal  stage of the transfer 

During th i s  stage, i n  sp i t e  of the importance of the external f i e ld  Ee,  EL i s  

less  than Ec f o r  any device because of the values of E i .  These 3 f ie lds  are repor- 

ted i n  Fig. 6 for  VG1 = VG2/2 

The calculation gives very high values f o r  EL a t  the r ight edge of G2 but as 

no t ransfer  i s  possible, these f i e lds  have no ef fec t  on the carr iers .  

5. CONCLUDING REMARKS 

We have shown tha t  the ef fec ts  of EL are more important than the ones of the 

normal f i e ld  E N  when considering the carr iers  transfer.  

i )  The calculation of the two components Ee and Ei  of EL have given in most of the 

cases values higher than Ec (except a t  the end of the overlap). Meanwhile, an effec- 

t ive  heating of the carr iers  was found possible only during a very l i t t l e  fraction 

of the transfer sequence because of the simultaneous action of these two opposite 

f ie lds .  

This i l l u s t r a t e s  the obligation of considering both influences of the charge 

distr ibution and of the external f i e l d  as was suggested in [13] .  
i i )  To point out the ef fec t  of the field-dependent mobility (eq. 12), we have compa- 

red the computed ca r r i e r  density when assuming a constant mobility with the previous- 

ly described results .  We have selected the r i s e  time of VG2 and the pulse overlap 

stages during which we could show tha t  the heating of the carr iers  happened. A t  the 

E 

'Lax 1 

end of the VG2 r i s e  time, the carr ier  density under the center of G2 i s  only 

Fig. 6 : Variation of 
the resulting f i e ld  E L ,  
Ee and Ei fo r  0.5 
V G ~  = V~2/2 = - 5 V 
( a t  ha1 f the fa1 1 time 
of VG1). 

0 

n - E. 11 
I 1; - I I 

- 
I 

! 

- 'L ' t' 
$ 

gap 
11 

\ E ~  
ga P 

Ee 

i 
! 

. 



8 1.2 x 10 whereas the ca lcu la t ion ,  on the basis o f  the  constant m o b i l i t y ,  g i -  
9 -2 ves 7.3 x 10 cm . At  the r i g h t  edge o f  G2 where no c a r r i e r  i s  found, the  same 

4 c a l c u l a t i o n  gives 8.8 x 10 

A t  the  middle o f  the over lap stage, the c a r r i e r  d i s t r i b u t i o n s  are very s imi-  

l a r  a t  the  l e f t  edge and under the  center  o f  G 2  whereas t h e  dens i t y  i s  th ree  times 

h igher  a t  i t s  r i g h t  edge. This  acce le ra t ion  o f  the t r a n s f e r  i s  c l e a r l y  r e l a t e d  t o  

the use o f  a  constant m o b i l i t y .  

Furthermore, the  equ i l i b r ium i s  reached i n  60 psec ins tead  of 80 psec under 

t h e  two gates G1 and G2 equa l l y  biased a t  Vst. 

These c a r r i e r  d i s t r i b u t i o n s  have been p l o t t e d  i n  F ig.  7 f o r  the two values 

o f  the m o b i l i t y .  

Fig. 7 : Comparison o f  the 
c a r r i e r  d i s t r i b u t i o n  under 
G I  and G2 a f t e r  the r i s e  
t ime o f  VG2 and a t  the 
over lap f o r  d i f f e r e n t  mo- 
b i l i t y  laws : 
A : constant m o b i l i t y  vp=vo 

B : f ield-dependent mobi- 
l i t y  yp=pp(E)  X.- 

tma* 

% max 

According t o  an actual  3-phase c lock  pulse diagram (see Fig. I ) ,  the  4 vm 

device might  be operated a t  c lock frequencies o f  the  order o f  35 MHz. I n  t h a t  case, 

the t ime i n t e r v a l  dur ing which c a r r i e r s  a re  heated represents on ly  1.1 % o f  t h e  

c lock period. For the 1.5 um device, the t h e o r e t i c a l  c lock frequency i s  258 MHz and 

the time when c a r r i e r  heat ing should occur i s  0.8 % o f  the c lock per iod which i s  o f  

the same order o f  the preceeding one. This  r e s u l t  i s  r a t h e r  s u r p r i s i n g  because as- 

soc iated w i t h  the  reduct ion o f  the dimensions were expected more e f f e c t s  o f  t h e  mo- 

b i l i t y  sa tu ra t ion .  The reduc t ion  o f  the c lock frequency due t o  t h a t  e f f e c t  i s  on ly  

o f  1.5 %. 

i i i )  For t h i s  non-overlapping gate s t r u c t u r e  under t e s t ,  the  geometrical parameter 

which con t ro ls  t h e  e l e c t r i c  f i e l d s  i s  the gap width. I t s  in f luence  on EL has been 

found t o  be more preponderant than the  reduct ion o f  the  gate leng th  (even f o r  L as 

small as 1.5 pm). 

Furthermore, t h i s  " t h e o r e t i c a l "  1.5 lim device has presented a behaviourwhich 

i s  mainly s i m i l a r  t o  the one o f  more conventional devices. 
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