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PREFAL L

This scientific report is the result of a in—depth review of

literature dealing with noise in CCD (Charge Coup led Devices) under:aken by

James F. Detry from !7vwS, 1976 to September 30, 1977. Its content is

identical to that submitted by him as the thesis for the Master of Science

degree in Electrical Engineering . One of the reason for this review work is

the statement made in several published papers that there is no 1/f noise

from surface states in SCCD (Surface Channel CCD), giving the impressior. that

interface states are unimportant or cannot contribute to low frequency noise

in CCD devices. This impression contradicts expectations based on simple

physical considerations of the CCD geometry and operati.on conditions . Indeed

the review concludes that interface state noise is the principal mechanism

which makes the SCCS less sensitive tc. low level signals than BCCD (P..ulk Channel

CCD). This report also serves the purpose of a short review of the lar ge

number of published papers on CCD noise. Such a review was not available :~

us p reviously.
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I. iNTRODUCTION

Charge Coupled Devices (CCDs)’ are conceptually simple 3eviL.C3,

consisting basically of a string of MOS capacitors.2 By app lying th~ ap-

propriate clocking voltages to these capacitors , charge packets are :ran~—

ferred from one potential well to the next. This enables the CCD to be

used for , among other things , digital memory3, analog delay lines
4
, or

analog imaging devices.5

The cross section of a CCD is shown in Figure 1. Each cell stores

one charge packet , and the number of capacitors (or gates) per cell is e~~ai

to the number of clock phases (three in this case).

There are two types of CCDs : the Surface channel CCD (SCCD), ~~ere

the charge is stored at the oxide—semiconductor interface; and the Suried

channel or Bulk CCD (BCCD)
6
, where the charge is stored away from the inter-

face in the bulk of the semiconductor . The SCCD can accomodate a ~ar;er

signal than the BCCD and is easier to fabricate , but must operate vith a

*tat zero to achieve necessary efriciency. The BCCD, on the other hand ,

is faster , does not need a fat zero , and has leSS internal noise than the

SCCD. It is the internal noise of the CCD which sets a lower limit on the

usable signal level in CCD applications.

* The tat zero is a circulating background charge , about 10% the ~~~~~~-~~ - —

mum signal. The interface traps with long emission time constants ~~
filled by the fat zero and so cannot contribute to t r a n s f e r  losses.



— Th_~ r. ~~-~~rrr ~t : .r~~~Z V 7 . ~ ‘ . . .t._ __

2
~~ LJ
~tcnLi

0~ 0I—z
0 It ,——

I-

00
U) to

-9- .

(-9~
’G

-fl

~~~~~ -F

I— _ _ _

z o

- - _-—~~~~- - —~~~~~~~~~~~~~~~ .- . ~~~~~ - . - ~~~.—-~~~~~p



3

II. SOURCbS OF NOISE

There are four major noise sources in CCDs: input noise from in-

jecting the signal into the CCD7, output noise from amplifying and remov—

jag the signal , dark current noise due to the random thermal generation

of electron—hole pairs in the signal storage area
8
, and trapping noise

due to the effect of localized states within the semiconductor band gap

located in the semiconductor itself
9 or in the oxide near the oxide—semi—

10
conductor Lnterface .

The first three noise sources operate in the same manner for either

the SCCD or the BCCD , but the trapp ing noise differs greatly. It is this

difference which causes a higher noise level in the SCCD. Typ ical t r a p p in g

noise levels at the output would be about 400 noise electrons per patket

*in a SCCD and less than 100 in a BCCD.

*
Representative numerical values ot all noise sources can be :c~ nd in

Table 8.2 on page 34.

L. . . ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



III.  I NP UT NO I SE

3.1 Origins of Input Noise

The re will be a noise associated w i t h  any a t t o m p t  to i n j ec t  sig-

nal into a CCD. This same noise will also occur during the injection of

a fat zero in the case of the SCCD. If the signal is introduced opti-

cally, as in the case of an imaging device , there will be shot noise c~~
11 . -to the quantum nature of photons. In this case the mean square o: ::.o

number of noise electrons is

N ( 3 . 2 )

where N is the number of signal electrons . In practice N co u d be as
S

large as 10’ , depending on th e gate size.

It is not expected that a fat zero would be introduced optically

because there is another method of signal injection , the electrical me:~:od ,

which has a much lower noise associated with it. The electrical signal

in jec t ion  takes p lace at the f i r s t  po ten t ia l  well of the CCD or , in am

ar ray—type  CCD , at the f i rst  potent ia l  well of each row. The charr e  is

11 12 7input  throug h one o r two MOSrFT s as shown in Figures 2 and o , res~ ec—

tively.

3.2 Der ivat ion of E lec t r ica l  Inpu t  Noise

The input  is a MOSFET w i t h  the input  d iode  a c t i n g  as m e

the input  gate as the gate , and the pot e n t ia l  well under  the  f i r s t  c~~ cl

phase acting as a virtual drain. ~hen operated in saturation , a hCSF~ET

has mean square thermal noise current per unit bandwidth~~ 
‘
~~~~~

= 4kT (~~~) ( 3 . 2 )

-

~

-- , — -.—----- —- .- -a—
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where g is the conductance of the MOSFET channel. From this noise current

the charge variance of the packet can be obtained by following the dorivo—

tion of Carnes and Kosonocky.
9 The variable of interest is the f uctua:ion

of charge on the capacitor shown in Figure 6. The mean square noise vol-

tage per unit bandwidth is

<v2> <i2>/~ G~
2 (3.3)

where

C g + j .~C . (3. -~)

The lowest f requency at which the input MOSFET can con t r ibu te  noise is f=pi

(where f is the clock freq uency and p is the number of phases) .  This comes

about because the charge packet will be transfered after a mime ?:0 so tIe:

any fluctuation taking longer than 11
~~ c 

cannot affect the charge in the pachet.

The total noise voltage is obtained by substituting (3.4) into (3.3) and

integrating over frequency

-o .~

r 4kT(~-g) d= <v >df = 
j  g2+w~C~ ~~ (3.3)

of 2~ pfc c

This can be broken up into two integrals

2~ pf
~ 4kT I g/c g/c .— ( -

~ du — — . — c .oj
3~ C ) J  g /c 2+u~ g / c +~~ 

-

The first integral is simply -T/ 2. In the second integral let

y = wC/g ~3.7)
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Figure 4

Input Noise Equivalent Circuit
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C

The integral becomes

2ir pf C/g
I dv
j l+y2 (3.3 .~
0

In order for the low noise operation to take place the RC circuit must be

allowed to reach equilibrium 7, meaning that

• 1 c
— =  p (j .~~~-r c c

or

< <  1 (3.23)

So the integrand ~1 over limits of O<y<<l and therefore the integral is in—

si~nificant in comparison with ~/2. Putting -i/2 in the brackets of (3.~ )

gives

= 
~~~~~~~~~~ (3 .11)

The mean squa re number of noise electrons is then

= c..2 <~> = -
~~~~~~~

- kTC ( 3 . 2 2 )

where e is the magnitude of the electron charge .

3.3 Discussion of Electr ical  Inpu t Noise

For the method which uses just one MOSFET , C is the capacimanca of

the first gate of the CCD . The two—MOSFET method uses a filcotir .g liffusi~~’.

between two input gates for intermediate charge storage . In that case the

mean square charge fluctuation is doubled because the two transfers cr~ an— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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cor re la ted , g iv ing

2 -~~~~ ~~
- kTC ( 3 . i 3 )e- 3

But now C is the capacitance of the floating diffusion , which can be made

much smaller than that of a CCD gate , resulting in less overall noise.

Typical numbers are <q2> = 3000 electrons for single gate input and 2000

for the floating diffusion input. Though it has less noise , the floating

dirfusion method has drawbacks. The smaller capacitance limits the signal

to a smaller maximum size , and the input is not as linear as the single

gate method.’5 However , these disadvantages do not matter if the electri-

cal input is used for a fat zero only, as in the case of an imaging device.

For that particular app lication the fat zero input will be constant , ren-

dering the nonlinearity irrelevant , and the magnitude will be veIl within

the limit imposed by the floating diffusion capacitance.

It was shown by Sah , Wu, and Hielscher
14 

that the eçuivaienz noise

conductance used in equation (3.2) (4g) is the theoretical lower limit.

The true value is a function of oxide thickness , gate voltage , and imparity

concent ra t ion , and can be several t imes larger than 4s . ‘ his could explain

7 ,11,15the excess noise found experimentally.

1/f noise is also present in the MOSFET, but since it is less than

the thermal noise at about lO~ Hz and continues to decrease at higher fre-

quencies , 1/f noise should be negligible in the megahertz range of the

clock frequency.
9

The electrical input noise is predicted to be independent of si 4na

size , but in prac tice it is nor. The main reason is that as the si;mha

size decreases , the area it occupies decreases
10
~

l7
, so the effect ive ca~ a—

--‘~~~-
, ---— --.- -~~~~~~~~~~~~~~ .- --— --——•-—-~~~~
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citance decreases. For very small signals (N~~kTCIe
2 ) the n O i S e  decames

roughly shot noise.
11 

For signals greater than this limit (about U~

electrons) the mean square noise almost levels off , risiag slcw -i in a

SCCD , but growing in proportion to the signal size in a BCCD. The change

in capacitance is much more drastic in a BCCD because as the si g n al  size

increases, it not only expands in volume , it also moves closer to the s ur —

face of the semiconductor.

It might be assumed that this same noise would accompany every

charge transfer which takes place in a CCD (as indeed it does in a baThe:

brigade dev ice 13
) but such is not the case. The reason for the absence of

this noise in the charge transfer process is that the COD itself does no:

provide the conduction electrons. The thermal noise above was due to the

random scattering of the charge carriers, electrons , in the conductin g

channel by the phonons. In the case of the CCD , the carriers are the elec-

trons which make up the signal packet. These will experience scattering

~~ ~-ransfer , but at the end of the transfer period , when the total

charge transferred is Ti evaluated ,? ?  there are almost rio electrons left in

th e channel to be scattered. what little charge is left behind is :ra~~ ed

charge , not the free charge whose thermal noise comes from phonon s c a t t e r -

ing. However , fluc tua tions in the trapped charge are also a source of

noise. That noise will be treated later.

• ~—- -  ~~~~~~~~~~ —-.-• . . -•- 
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I V .  o~~:’~~ NOISE

The usual method of t u r n i n g  the CCI) charge pochets into an

signal is b y an on—chip  MOSF E T. The o ut p u t  equ iva len t  c i r c u it  as s~~ vm in

Figure 5. The charge packet is shifted from the Last storage cell to a re-

verse biased p—n junc t ion.2 The diode is in turn connected to the gate of

a MOSFET. The current through the output MOSFET is the output signal.

Before the next charge packet can be output , the diode must be ~2~~~t to i t s

or ig inal bias ing level. Noise is introduced during the reset process. ~-e—

sett ing the diode through another MOSFET produces exactly the same t y p e  of

noise as the input circuit given by (3.12). Thus , the output noise is

2 1 2~~~.,<q >
0 

= ~ ~~~

He re C is the capacitance of the ou tpu t  node , about  0 .l 5 p F t vp i~ al1 . Since

C is much larger than the input capacitance , the outp ut noise is a s o  Thrger;

<q2> is on the order of 16,000.

Add itional noise is present due to the channel of the ou:pc: hCSTh .

This noise can be referred back to the gate through the expression

<i2 C2

<q 2> = 
e2g2 

(- .1)

where g is the transconductance of the output MOSFET , and < i-> is rae

mean square noise current of the MOSFET channel given by

<j 2> = > + <i 2 > 3 ,
n thermal 1 / f

The MOSFET noise current has two components , the thermal noise of the caan—

nel and the i/f noise due to trapping at the semiconductor—oxide surface.

The equivalent noise (6.2) is quite small with <q t> less th an 10.

- -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —•-—-. _-—~~~~~~—-.— ---_• ..~ _ - - . - . .~~~~~~ •~~~
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White , Lampe , 3 i i h a, and ~lJL~~ ~ie vised an o u t p u t  schem e c a l I T h  O a r —

related Double Sampaing (CDS) which can eliminate the reset noise.
0 

On c e

the output capacitance has been reset , the MOSFET throug h which it was

charged is turned off , becoming ~ very large resistance. This large resis-

tance means no high frequency noise will be present at the output node.

CDS makes use of this fact by sampling the output signal once af ter the

resetting takes place , and again after the signal charge has been received .

Since no high frequency noise can be present during this time , the reset

no ise is hi ghly correlated in the two measurements and vanishes when their

difference is taken. Though this process eliminates the reset fl0~~5e ,

doubles the output channel noise because that noise source is not correlated

during the two measurements.



- --•_ . -• •~~~~~~ -~~~~~~~~~~.- • - ,- -  

V. DARK CURRENT NOISE

CCDs do not operate at equilibrium. The semiconductor surface of

the semiconductor—oxide interface is kept at a potential large eno ugh to

cause inversion , but there is not enough t ime between clocking ?U15C5 to

allow carriers to be collected at the interface . However , minority zarriers

are continually generated thermally and collected by the potential veils of

the CCD , giving rise to the leakage or dark current. Each charge packet

receives the same average dark current , but there will be noise due to the

variance of this add itional charge. Since it is thermally generated , th is

- 10 -
current will have a sho t noise spectrum. The :ota~, amoun t or aar~ carrent

collected by a packet in one clock period will be all the current which

reaches one of the p elements of a cell during that oeriod . So rae neon

square noise is equal to the total number of elect ra~ s receaved ,

= _L._. 2~. j  (; )
ea f  I)

where A is the area of one gate and J
0 

is the dark current density. :n the

case of imag ing, the same relation would app ly , with the clock period re-

placed by the imaging period.

1 - ,= 
~~ 

pAT .J~ (o .  )

where T . is the imaging time.

There are three sources of dark current
3
: carriers generated in

the dep letion region, carriers generated in the bulk within a diffusion

length of the depletion region , and carriers generated a: the semiconductor—

oxide interface. The dark current is usually dominated by the interface

_ _ _ _ _ _  _ _ _ _ _  _ _ _  
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contribution.
8 

So it would be expected that SCCDs , in which mani of th~

interface traps are filled by the stored signal charge , would have snall~~r

dark current than BCCDs , in which the surface traps are free to act as gen-

eration centers. This is indeed the case.
15 

The BCCD may have two or three

times the dark current of a SCCD. Dark current can be reduced by using a

lower clock vol tage , resulting in a smaller depletion width , but cmlv a:

the expense of reduced transfer efficiency.
18 During imaging typ ical de-

vices would have <qt > = 60 for a SCCD or 200 for a BCCD . During a single

transfer <q2> < I for both devices.
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VI . T RAI’~~LNC NOISE

6.1 Sources of Trapp ing Noise

There are three types of traps which cause noise in a CCD : bulk

traps , interface traps , and oxide traps. SCCDs carry the charge at the

semiconductor—oxide interface and so are subject to noise from the inter-

face and oxide traps. The BCCD trapping noise is due to bulk traps onl~~,

because, although the interface states are close enough to generate a dark

current , the signal is not physically at the interface and so cannot be

trapped by those states.

6.2 Derivation of Oxide Trapping Noise

The wide range of oxide trap time constants causes 1/f noise in

the steady state current of a MOSFET.
19 

In a SCCD the same mechanisms are

presen t, but when a charge packet fluctuates under the gate , the var iance

in charge is obtained by integrating the 1/f noise over the appropriate

spectrum as pointed out by Barbe.
0 

For imaging applications the frequen-

cy range of interest is f>l/T.. The results give a <q’ > propor tional to

T. for a small T., and the natural log of T. for large T..

As a function of frequency, the mean square charge fluctuation par

unit bandwidth is1°

4kTN ATTO r . - -

2~ f S  ~tan (2~~f r ex p ( d  ~
) )  — tan (2~ :~~~)~ ~~~~

where the following defin itions apply:

aexp(~x) is the emission rate of the oxide traps as a function

of x (the distance into th e oxide from the interface).

is the oxide trap density per eV.



________ -

i i

r is the shor test oxide timo constant , corresponding to x~ O ani

is equal to NTTS a (where N TTS is the inter :ace trap CenSiL .’ pe t

eV) .

~, is the oxide thickness.

The f a c t o r  exp ( 3~ ) is so large that f o r  all frequencies of i n t e r e s t ,

tan (~~ f~ exp(SL)) ~/2 (5.2)

Integrating over frequency

- , TN~~ ..Q
A 

- -

= —~ --—~~--~—-— ~~~~- — tan ’ (2~Tft )~ df (6.3)

L/ T~

Making the substitution y =

4kTN A —
~
- -j

2 TTO • 2 — tan - ,~
> = 2-~S 

- dy (0.~~~~)

2~r r  IT . 
-

5 1

When 2~ :/T .<<l the integral can be broken into two parts
~ 1

4RTN A r ,.l
TTO I 2 — tan -v 

-= 
2~~i 

‘

~ 

a- -’
2n-r I T .

L. 5 1

+ ~~~ 
2 - tan 1 y dy~ (5.5)

For the first integral tan 
~
y can be expanded as

1 3 1~~tan -y y — -~-y + - ~y~~ — t O . O ~

Keep ing only the leading term , the first integral of (6.5) becomes



4kTN
TTO

A (1 ~~
- 

— ~kTN~~~QA 
~~~ 

T. 
-

2 ’ S  j - 

2m  ~~ ~~~~~~~ — 1 -i- —p~
--——

2nT /T.
5 1

Since 2-T T /T.<<l the last term of (6.7) ca n be ignored . For the remai n ing
S 1

integral (y>l) tan~~y can be expanded as

(6.5)

Keeping only the first two terms of the series , the second integral of (5.5)

becomes

1
-e~ T~I A -~~ 

— — (— — —)
TTO 2 7 

~ dy = 
Ok’rNTTO A

y
I -

~~~~~

The total <q~
> is the sum of (6.7) and (6.9).

N T . T.
= kTA 

TTO 
~n (7

1) for 
~
—g-
~
--- >> 1

When T./2~rr <<1 there is only one iritegral to be evaluated. Using the  ex-

pansion of (6 .8)

<q 2> = 4kTN TTO A 
~ 

- — 

~) -
I
, cv (0.

2~rr /T. 2~r3

kTN T . T .TTO 1 
_____ 

-= A — ror << a c.~~~)‘S - 
S

To find the noise due to oxide traps during CCI) operation , T . as

replaced by l/ p f
0 

which is the length of t ime the packet stays unuer a ;a-;en

sate. The imag ing operation would probably take long enough to -rut T in

the first category with the logarithmic term , wh ile clock rates ore hi gh

• • • • • -- • •• • ~~~~~~~~~~~ - ---~~-~~~~~~~~~~
-• --
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enoug h to put normal operation in the linear reg ion given oy Equation o.i2).

Typical values of trapping noise are < q >  300 for an imaging Ocrici ,fron

Equation (o.1O)) and only about one for a single clocked transfer (fran

Equation (6.12)). If a clock time falls between the two reg ion s above , a

reasonable approximation is

<q 2> = kT 
NTTO 

A ~n il + 
2~~T

5
) (6.13)

This expression is exact for large T
1 but is too big 

by a factor of ~2 f c c

small T..
1

Throughout these calculations the oxide trap density, NT ,  has be en

treated as a constant , but it is not. NTTO is a function of x, the distance

into the oxide. Through the time constant , aex p ( f x ) , N
110 

can be treated

as an effective trap density which is a function of frequency. Since ~~~~~~~~~

varies suf f i c i e n t ly slowl y it can be taken outside the integral (when

imaging time changes by a factor of 1000, the effect ive ~çT0 changes

- 10onl y a tactor of 10).

6.3 Derivation of Interface Trapp ing No ise

The interface traps are distributed in energy in the energy ;a~ .

20
When a signal comes in , they are f illed to a level

E = kT 
~ ‘k ~ IA’ 

(.l~)
os S

wtth a t ime constant

- . = (k N /A) 1 
~c. Ii)r~ ll ns s
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whe re E is the oriergy below the condu c t io n band , k is the tw o—di mens i on l l
0 ns

electron capture rate , A is the area of the gate , N is the number of elec-

trons in the packet , and “a” comes from the electron emission rate

e = a exp (—E/kT) (6.16)

When the traps discharge , their fluctuations appear as noise in

the signal. The variance of this noise is derived by the method of Tamp—

sett.
16 

The trapp ing effects must be integrated over the band gap, and the

result is a constant for reasonably large signals.

The probability of a trapped carrier being emitted in :ire t is

P = 1 — exp(_ens
t) (r. l~ )

At a given energy , the distribution of empty and full interface states will

be binomial with variance per unit energy per unit area

P(l—P)n15(E) (-3.18)

where m Ts (E) is the filled trap density at energy E. The total mean s~uare

cha rge f luc tuat ion  is found b y mul t iply ing by the a rea and in tegra t ing  over

the band gap.

<q2> = A n
TS(E) P(l— P)dE ~~~~~. 

9)

nTS (E) can be replaced by N TTS if the limits are changed.

<q 2> = A NITS P(l—P)dE (5.20)

P is a function of time, and the result is evaluated at the end of the 

~~~~~~~~~~~~~ - . - - .
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transfer cycle. The charge has a time l/pf to transfer , so

P = 1 — exp(—e /pf ) (5. ll~

Substituting (6.16) and (6.21) into (6.20) gives

E

~~TTS 
p — exp[± exp(—E/kT)]~ exp[~~~ exp (—E/kT)J dE (6.22)

Letting

u = —i—- exp(—E/kT) (6.23)

u

= 
~~TTS kT ~~~~~~~ — ~~

P (_2u)
~ dU (5.2~.)

where

k N
U = ~~~~~~~~~ = - .

~~

- -

~~~~~ 

(a.25)

U
g 

= U
~~E E  0

S

Breaking down (6.24) into two integrals

U(0 (0
= kTN

TTSA j exp(—u ) du - 

~g 

~~P (—2u) 
du~

In tha second integral of (6.27) let v = 2u. then

exp (-2u) 
du 

° 
!~~(-v ) dv

--~~~~~~~~~~-——.~~~
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Since u and v are du~mny variables , t~ i5 can be combined with the first part

of (o .27)  giv in g

u 2u

<q t> = ARTN
TTS 

exp(—u ) 
du — 

2u 

e:p(-u) 
d~~ ( ô . 2~ )

If u
0 

> 2u
g 

(as it almost certainly will be)

<q t > = AkTNrTS 
exp (—u) du — 

~
:° 

exp (—u) 
du~ (6.33)

Since U
g 

0 over the range of the first integral , exp (— u) 1. So the

first integral of (6.30) becomes

2u

~~
g l

— du = ~n(2) (o.a~ )

U
g

For the second integral of (6.30), if u0 is large enough the whole intecral

is negligible. (For u 2  the integral is less than .06 and it drops ci:

very rapidly for larger u.) To justify the size of u from (6.25), con-

sider typ ical values

k = .0l(cm 2s~~ ) , p = 2 f = l0~ Hz A = 10~~ cm’ns ‘ c

For a u > 2, N5 need only be 400 electrons . Not only would a signal this

small be lost in the noise , but the use of a fat zero insures that the

charge packet is much larger than that in order to prevent unacceptable

transfer losses.9 Putting (6.31) into (6.30) then gives

= AkTN TTS ;n ( 2 )  ( 6 . 3 3 )  -



For an extremely small signal or a ve ry  high clock freq’cenc~.- ,

will be small and is equal to t / t f i 11  so that the assumption under which

(6.32) was derived —— that all traps filled to E —— is not valid . The

original integral , (6.19), has been numerically evaluated by Carries and

Kosonocky
9 

for the case of small u with the result that < q >  is propor—

tional to u .

= AkTN TTS ~n(2)u for u <<l (6.33)

These results can be combined to give , as an approximate solution ,

= AkTN TTS ln ( 2 )  [1 — exp(—u)] (6.34)

where 1 — exp(—u ) can be thought of as the frac t ion of traps f il l ed .  Th is

fraction will be approximately one except in the case of a very small sig-

nal or extremely high clock frequency.

A typical value of the noise due to the surface traps is <c2> = 90

for a single transfer.

6.4 Derivation of Bulk Trapp ing Noise

The noise due to bulk traps is similar to that due to surface

traps , except the bulk traps are a: discrete energ ies. Therefore icuation

(6.22) becomes a summation.
17

= V N~13 exp (_e~ B / pE ) (1 — exp (—e 1
3/pf ))

where V is the volume occupied by the signal , N~TB is the density of the -

i—th type of trap, and e
1
B is the emission rate of the i—th type of tran .

For a sin gie type of trap the noise peaks at .25V NTTB when exp(—e .,, pf

_ _ _ _ _ _  -~~ ~~—-~~ - —- - -~~ -‘~~~ --~~~~-- --~~~~~-- -~~~~~~~~~~~~~~~ 
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1 . 2 , or 
~c 

~~3 n(2)/p. It can b~ seen tha t , for th e  discrete ~mission

rates of the different bulk traps , the noise will peak at certain clack

frequencies.

V is not a constant. For signals larger than about 10% of a f ull

well V N ,‘N 16 where N is the impurity density of the buried channe l
~ s D  D

diff usion. V is, of course , limited to a maximum as the potential well

f ills.

It is important to note that , while the interface trapping noise is

fairly constant , the noise due to bulk thermal generation and trappin g is a

function of both clock frequency and signal size. Varying the clock iroguencv

will give maxima and m inima ,17 while vary ing the signal size will cnange

the volume almost linearly,18 making the noise proportional to the signal.

-- ---.—-

~

-- -—- --— --—-----~----~~-—-—-- ------— .~~~~~~—~~-‘ -- --—- ----~~~~~~~—- —-- --- --- -~- -- --- —--
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VII. THE TR\~;S~ ER PROCESS

7.1 Transfer Losses

Whenever a charge transfer takes place in a CCD tnere are losses .

These transfer losses are mostly due to charge which is trapped and not

released in the tine allotted for transfer. Transfer losses will distort

the signal , but they are deterministic and not random noise. I: is the

f l u c t u a t i o n s  in these losses which produce noise.

In any good device, the fractional loss per transfer (L) will be on the

order of ~~~ or less. For a reasonably large signal the accumulated losses

over many transfers are the limiting factor on the maximum number of transfers.

21
These losses attenuate both the signal and any noise present. However , the

noise pi cked up by the charge packet near the ou tpu t  will not be at t enuat ed  as

much as the noise picked up near the input , since the attenuation is ro ughly

proportional to the number of transfers. ~Lost devices are designed such that

the product of the number of transfers , n, and L, is less than o.~~.
2 S ince

noise suppression due to the losses becomes important only for nL < l ,~~

it is negligible.

7.2 Soectral Dens ity of Transfer Process Noise

The CCD has a unique form of noise in that , during the transfer

process , a fluctuation of Sq in one packet causes a corresponding fluctu~ rion

of — 3q in the f o l l o w i n g  one,
13 

since charge must be conserved. No matter

wha t the spectral density of the noise in an individual packet, that pac~~t

is only sanpied once , so the spectral dens ity of the output depends on

correl aciuri ~~r lack of such) between different pachets. The spectral density

2”
of the transfer noise was derived by Thornber and Tompsett . The noise spec—

t r a m La JDtained oy assurding a JC input signal and taking the i~ourier tr ansf orm

of th e  o u tp lt s a gn a l .  Derived on the f o l low i n g  pages , the  spec t ra l  den si :v

of the t r a n s f e r  process noise  is p r o p o r t i o n a l  to

-

~

-- ---

~ ,



In a CCD wi th p p hases , there are p gates per cell , and one :harTh

packet per cell. q~ ’° is the notation for the transfer noise charge in t ro-

duced d u r i n g  the ~—th  phase of the s— th  t r ans fe r  cycle as charge  flows fran

the ,~—l to ~—th phase of the n—th cell. If there are N cells in the COO ,

the total number of transfers is Np n. The point when the accumulated

noise is of interest is in the last phase of the N—t b  cell , for it is there

• that the output sampling occurs. The noise output during the r—th transfer

cycle is

N o
— v ~ r m ,~. m ,.- -

~— 

~~r—(N—m) 
— 

~~~~~~~~~~~m 1  ~~1

where the two terms represent the noise introduced in a given location and

the negative of the noise left from the previous packet when it was in that

location , respectively. The output  current from the last cell is

N -i (t )  = ‘
~~r 

g(t—rt )

where t
o 

is the clock period and g is defined as:

g(c—rt )  = 0 when t<rt

= l/bt when rt <t< (r+b)t
0 0 3

= 0 when t> (r+b)t (P .3)

The charge is clocked out at the r—ch clock cycle , beginning at tine

and ending at t ime (r+b)t . Since the vast majority of :ne cnargo :rans—

fers quickly, b will be very small. (See Figure .)

The Fourier component of i(t) at frequency f. h/t is

_ _ _ _ _ _ _ _ _ _  
~~~~~~~~~~•
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1(t ) ~
-
~
‘ 

-__

bt 0

t

( r— I) t0 r t 0 (r+ b) t0 (r~ I ) t0 (r÷2) t0

Figure 6

Output Currunt Due to g (t—rt0)

ri

_ _ _ _ __ _  j
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ab 
= 

~ 

i(t) exp(j 3:r t h/T) dt (7.3)

The noise cur rent  spectral  densi ty  is

Si (f h) ~~~ 
2T<a

h
a
~
> (7.3)

Substituting (7.2) into (7.4)

ah 
= ~ 1

T 

~ 
3Q N g(t-rt ) exp(j2~ t h/T) dt (7.5)

O
r

It can be seen now that the upper limit of r must be T I : . Tak ing the in-

tegral inside the summation and substituting Equation (7.3)

T/t 
(r+b)t

1 - 0  N L -a. = 
‘
~ 

3
~ r 

-n---- exp(j2 t  h ,-T) dr ( . 1 )
r=l o

rt
0

where it is assumed LQ~
’ is independent of tine. Following throug h with tne

integration

i/t
ab 

~ r~ l 
~ 

exp(j2~r:h/T)(exp(j2 ht h/T)—i) ~T .a)

Letting b get very small , exp(j2-bt h/T) expands as 1 42-bt h,T .

T! t
1 ‘-o N - - .-

a, = 
~
1
~r 

exp(j2nrt n/i ) •
r=i

Substituting (7.9) into (7.5),

S,(f. )  = 2T<
~~ 

~~~o3Q
N e x p ( j T h r t  h , ’ T)~ ~ ~ exp(-j 2ost h ~~.l)

__ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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S u b s t it u t i n g  (7 .1,)  in t o ( 7 . 10 ) ,

T / t  N P
— . — / ‘~

- o 
- 

- ~~~ m ,.Si (f
h
) - ~~~ ;f\ 

r~ 1 n~ 1 
(~~_ (~ _~) 

- 
~~~~~~~~~~~~~~~~~~~~~~~~

T/t N P
— - K u  k,u . \

s l  k l  u l  
~~5_ (~~_~) 

— 
~~~~~~~~~~ 

exp~ j2n (r—s)t hIT)2 (i .~~~~~~~

All noises are uncorrelated except those having the same phase in the same

cell during the same transfec period .

b c  e f
<a ‘ q ‘ > = <c1~->~~ ~ S (~ i2)a d a,d~b,e c,f

This implies m k  and ou .  Equation (7.11) becomes

N P T/c- r / c r o  m ,u m .  -
S ~f ) u r n —  — — -

i h 
T-~ 

T 
m~1 l”~r 1  r—(N—m) r—(N—tn)—l’

( : 0  
~$_ (~~_~ ) 

- ~~~~~~~~~~ exp (j2~ (r-s) t h/T)> (7. 13)

The subscri pts will be equal when

r—(N—m ) = s—(N—rn) or r s

= s— ,N—m )—1 or r s l

r— (N—m)—i = ~—(N—rn ) or r s+1

r— (N—m )—l = s—~N—m )— l or ~~s ~7.l-+ )

~emoving th e  summat i ons  over r and s by use of (7 .14)  gives

- N p T , t
= 1,ia ° <q~~~ f 2  — 2ccs(2~ t h/T)) (7 .25)

~~ r-~1

Goir.~ through the ;unma t ion with every term equal , 
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= <q 2 > 2 (l—cos(2Tr~~t0
)) (7.16)

Np = n , the total number of transfers.

1/c = f , the clock frequency.

h/T f,, but when T—~ rh -’ the spectrum becomes continuous , sc

S1(i) = 4nf <q 2> (l—cos (2nf/f )) . ( 7 . 1 7 )

This is the current spectral density. The charge spectral density is

S ( f )  = f— 2 S. (f) = 
4n q >  [l-cos(Thf/f ) I ( 7 . l~~)q c i.

c

The total mean square charge fluctuation can be obtained by integrating up

to f / 2 , which is the upper limit due to the samp ling theorem.

f /2

= 
~c 3n~ q~~ [l~ c o s ( T h f / f c) ]df = 2n<q 2> (7. 3)

This shows that the total mean square noise cannot be obtained by m U i t i n l y —

ing the noise per transfer (<q 2>) by the number of transfers. Each tim e

transfer noise occurs it affects two charge packets , giving rise tc twice

the to ta l  noise expected .

The cause of transfer process noise is the trapping noise that takes

place. The dark current , on the other hand , affects each packet separatel~

and its spectral density can be calculated in a similar manner. For such a

noise

N P 
-- ‘I ~ n.,_
~ — •- -

= 3 

~~~_ (~~_~~) 
(;.~~~3)

m 1 . ..= .i.

_ _  --~~~~~~~~,- .-‘~ ~~~ -- -~~~~~~~~~~~~~~ -.
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If this ~xpression is s u b s t i t u t e d  into Equation (7.!J) i steac o: 
~Q

’ for

transfer noise, the result is

N “/ Vt
Sj(f h) = T 

m~1 a~ 1
<r~ l 

q
~~~~~~) s 1  t~~m) 

exp(j 2
~
(r_s)r 0h/T)>

(7.21)

This is nonzero only when

r— (N—m ) s—(N—m ) or r=s (7.22)

N P T/t
= u r n  

~ 
0<q~ ’ = 2nf <

<q-> (7.23)

T-’~ m 1  a l  r=l

S ( f )  = ~~ <q 2 > (7.23)
q

This is white noise , as expected from uncorrelaced events. The total naise is

the integral of the spectral density, S
q

( f )~ over the bandwidth , f / ,  oi - . i mg

<q 2> = <q2> = n<q 2> (P.25)

Again as expected , the total noise is just the noise during eac’n transfer

times the number of transfers.

There are several assumptions made in this section on t r an s f e r  process

noise which are summarized. (i) A constant input signal was assumed , neg lect ing

any e f f e c t s  of a varying input signal on both the total noise and the spectral

dens i ty .  ( i i )  I t  was also assumed tha t  each packe t went th rough  the sane

transfers and the same exact physical path. This would be t he  case in a linear

CCD where the  si gnal is electr ical ly input at the first cell. However , for

imag ing appl ica t ions, the input is parallel with each cell receiving its own

signal. Thus , during imaging operations the part of the signal which starts

-- - ,-‘-~~~~~~~~~~~~~~~~~~~~~~ 
-
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out in a cell near the output would at~dergo fewer  transie rs than tne packet s

starting far away from the output. Under those conditions , the  first pa~~~~:s

clocked out would have much Less noise than later packets .  There are ~~so

array type , for example , corner—turning CCDs , in which different parts of :;~e

signal travel separate paths. In that case local variations in dark current

could result in variation of the noise between different physical parns.

4

U 

_ • 
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VIII. TYPICAL NOISE VALUES

In order to compare the relative importance of the various noo~~e

sources , it is advantageous to evaluate the results of the preceeding de-

rivations by selecting represen tative values for the parameters and com-

puting ‘-q 2> for each source. Table 8.1 is a listing of the common values

used in the calculations. Table 8.2 shows the noise per transfer and the

noise at the output for each source.

All the independent noises add in quadrature. The total number of

- - . ( ‘  2 ~ -1/2noi se e lec t rons  per p acket at the ou tpu t  ~~ ~~< q 
~tota1 . For an

imaging application , typical RNS noise levels are (making use of CDS out-

put and floating diffusion input for the fat zero):

SCCD : 525 electrons

BCCD: 325 electrons

For a non—imag ing appl ica tion , the fat zero and signal in a SCCD can be

input together , thereb y reducing the noise level somewhat . with sing le

gate input and CDS output , typ ical values of RNS noise are :

SCCD: 420 electrons

3CCD: 90 electrons

The SCCD noise is dominated by the interface trap contribution.

This noise is almost constant with respec t to clock frequency and sugnal

size , so external corrections cannot remove it. In th e ECCO the traoPio;

noise is not nearly so dominant , because there are very few bulk traps in

c omparison with the surface trap density. Furthermore , since there are

d i s c r e te  t ime constants for the bulk traps near which the naise teaks , the

clock frequency can be set between the time constants , nininizing the na:se.

The BCCD also has the advan tage that , unlike tre SCCD , its tra~ ning noise
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TABLE 8.1

PARANET E R VALUES

N = lO~ electrons
5

NB 
= l0’~ elec trons

NTTS = 5 x lO 9 /cm 2 eV

N 
~
. f 5 x loa,cm2ev for transferT~O = L 5 x l0 9 /cm 2 eV fo r  imaging

n = 1000 transfers

f = lO~~ Hz
L

p = 2 phases

= [ 1O~~~ F for floatinC diffusion

3 x 10 - for single gate

= lO~~ 
0 F

0

A = lO~~ cm2

g = lO~~ ~30

i = 3 x 1 0 ° An

T = 10 6 s
5

T. = 1O~~1

= E 
x lO~~ A/cm 2 for SCCD

D L 1.5 x 10 A/cm 2 for  BCCD

V = 5 x lO~~-~ cm 3

T = 300 K

~ ~~~ 
exp(_e

~ B
/pf ,)(l_ exp (_e

~B
/p f

c
) )  =
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will decrease as the signal level drops.

The dynamic range of a device is determined by the maximum and mini-

mum signal levels. It is obvious from the numerical results that the BCCD

can handle a smaller signal than the SCCD. This difference is even greater

than Table 8.2 would imply. In the case of imaging, for example , when the

signal level drops the total noise drops , because the imaging sho t noise

is reduced. Since this is the most important noise source in a BCCD , the

total output noise of the device will drop drastically as the signal level

decreases. The SCCD noise is dominated by the interface trapping so the

reduced imaging noise will have a much smaller effect on the total.

The SCCD does have the advantage of a larger signal—handling capa-

city (by a factor of two or three). That is because the BCCD signal charge

is stored away from the interface resulting in a smaller effective capaci-

tance. This factor partially offsets the noise level difference , and so

both the SCCD and BCCD have approximately the same dynamic range of 90 to

- 18
iCO db.

The SCCD has the potential for a iarger dynamic range than the EC3J

if the interface state density can be reduced . Processing improvements

could conceivably reduce <q 2> due to interfac e trapping noise by an order

or magnitude from the results in Table 8.2

Except for the shot noise in imaging, all noise can be reduced by

lowering the temperature. In all cases but one , <q- > is proportional to

T. The unique case is trapping noise. For that process temperature enters

through the emission rates C
~~B 

= a. exp(—E ./kT ) of the traps. If the de—

‘/ice is cooled enough so that e
L
B 

< then <q P> will be proportional
max

to the maximum rate e
1
B . This can decrease very rapidly with decreas—

max

~ 

- - -
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ing temperature.

Since the spectral density of the trapping noise, as seen at t0~e

output , is proportional to l_ CO5 (27Tf/t
~~

) ,  much of it can be removed by band

limiting the signal. Since the noise is concentrated at the high frequency

end , filtering can give noise improvement in excess of the bandwidth reduction.

For example, dropping the upper frequency limit from to 3
~~
’8 (a reduc-

tion of 25%) reduces <q 2> due to trapping by almost 50’~.

-__ _ _ - - - --—_ -_- _- _ -_ _ - - - _ - - _ _ 
_ 
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IX. CONCLUSIONS

The Charge Coupled Device has a low noise level and a wide dynamic

range. The SCCD is noisier and has a slightly smaller dynamic range chat.

the BCCD. However , the SCCD can accommodate a larger signal and so has the

potential for greater dynamic range than the BCCD. The major source of

noise in the SCCD is the interface trapping noise. Processing improvements

which reduce the interface trap density could reduce this noise and boost

the performance of the SCCD.

Wha t have been treated here are the fundamental macroscop ic noise

sources in a CCD. There are other sources of noise which have been ignored ,

including dependence of noise on the shape of the input signal, non—uniform

dark curren t, and non—uniform gate capacitances.

The currents , vol tages , and conduccances in a CCD vary rapidly

with time and hence introduce nonstationary noise. A method of treating

nonstationary noise by an extention of the Langevin method was outlined by

Thornber.
13 

That procedure is quite complicated and has not bean carried

out by anyone.

For simplicity, the derivations here have assumed a cons tan t s ignal

level. This allowed simple expressions whereby the relative im~ crca nce of

the different noise sources could be easily shown. Because the noise is

a function of the signal, its spectral distribution could not be ~ouroly

white and l—cos (2~ f/f ), nor will the outpu t noise level be constant. The

noise due to a g iven signal would have to be computed by a method similar

to the transfer process noise of chapter 7. This requires extensive calcu-

lations for each and many signal spectra. 

~~~- - - _ _ -
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APPEN~ LX A

DEFINITION OF TEPN S

q Number of noise electrons

<q~~~ Mean square number of noise electrons

N Number of electrons in a signal packet

-

~~~~ 

Number of electrons in a fat zero

Boitzmann ’s constant

Temperature

Number of clock phases. Also equal to the number of gates per
ccli

Clock frequency

C Input capacitance

e Magnitude of electron charge

C0 
Output node capacitance

g Transconductance of the output MOSFET

< i— > Mean square noise current of the output MOSFET channel

A Area of one CCD gate

J . Dark current density

Imaging time

e Electron emission rate of the oxide traps; equal to aexp(ix) where
x is the distance into the oxide from the oxide—semiconductor
interface

A constant in a
no

A constant in a
no

“TTO 
Oxide trap density per eV

Shortest oxide trap time constant (corresponding to x0 ) approxi-
mately equal to

NTTS Interface trap density per eV



r ~~~

—--

~

-

~~

- -

~4O

9. Oxide thickness

a Constant from an5

e I n t e r f a c e  trap e lec t ron emission r a t e ;  equal to a ex p ( — E , -’kT )

k Interface trap electron capture rate in two dimensions
ns

t- . Filling time constant of the interface traps; equal to A/c Nt i l l  ns s

Energy , measured down from the conduction band , to which the inter-
face traps fill

V Volume occupied by a charge packet in a BCCD

N
TT3 

Density of the i—th type of bulk trap

Electron emission rate of the i—th type of bulk trap

ND Impurity density of the buried channel

a Total number of transfers

L Fractional loss per transfer

t Clock period
0

Sjf) One—sided current spectral density, (number of eleccrons/seccr-d)-;

Sq
(f) One—sided charge spectral density, (number of electrons)1/~ z

j
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