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PREFACE

This report was prepared by Texas Instruments Incorporated, Dallas , Texas ,
under Navy Contract No. N00l73-76-C—0237. The work under this contract was
administered and funded by Naval Electronic Systems Command. Dr. W. D. Baker
of the Naval Research Laboratory, Wash ington, D. C., was the Scientific Officer.

At Texas Instruments the work was performed in the Advanced Technology
Laboratory under the direction of Dr. C. R. Hewes, Manager of the CCD Signal
Processing branch .

This is the Fina l Technical Report for the contract. It was submitted
by the author in December 1978.
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SECTION I
INTRODUCTION

The objective of the program executed under Contract No. N00 l73-76-C-0237
is the design , fabrication , and testing of a silicon si gnal processor chip
that is intended for on—foca l p lane operation with an intrinsic InSb charge
injection device infrared detector array. The combined use of these technologies

results in a realization of the foca l plane array concept developed by Milton
and Hess. 1 The silicon processor chip provides preamplification , correlated
double sampling, time delay and integration, dc restoration , and output multi-
p lexing for 21+ channels from a single 16 x 21+ element InSb detector array. The
development of this integrated circuit represents an important step in the over-
all development of true second—generation tactica l FLIR systems.

The initial stages of this program focussed on a detailed examinat ion of
processor requirements based on proj ected detector array performance and assumed
prototype FLIR system specifications. The components of the processor circuit
were individually analyzed and desi gned. This “building block” approach al lowed
optimization of each component , thereby lowering overall technica l risk at the
expense of a moderate level of circuit redundancy. The processor chip was

‘ I fabricated using a double-leve l, self-ali gned pol ysil icon gate CCD /NMOS process
that was developed at Texas Instruments and has been successfully employed in
a number of device analog signal processing app lications.

Evaluation of the component test structures included with the processor
chip indicated a number of problem a reas associated wi th low temperature operation
of the NMOS circuits and poor charge transfer efficiency in two of the charge
t ransfer structures . Based on these test results , the components were redesi gned

4 and the test structures were modified to al low more detailed evaluation . Test
results from the redesi gned chip have illuminated two key prob lem a reas that
were not previously observed . Freeze—ou t effects in depletion load transistors
have been observed at 77 K and are responsible for severe degradation of pre-
amplifier performance. To our knowledge, this is the first time these effects

________________________________________________ .—.—.—• ~~~~~~ . -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



have been observed in MOS transistors , and they constitute a limitation to the
application of standard ana log MOS techniques at cryogenic temperatures . The
second problem area involves an oversight in the ana lysis of noise sou rces in
the charge transfe r structures . It is concluded , however , that low risk
alternatives exist for each of these prob lem areas.

Section II of this report describes the prototype system requirements and
the resulting processor architecture. Following sections include design and
test details for each of the processor chips , discussion of key problem a reas ,
and proposed solutions.

2
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SECTION I I

PROCESSOR REQUI REMENTS

This section describes the derivation of the performance goals for the
si gnal processor chip from the prototype FLIR system specifications and the
electrica l parameters of the InSb detector array. For the purpose of the signal
processor technology deve lopment , a prototype system was assumed to be a horizon-
tally scanned 525—line TV—compatible FLIR. A complete list of the prototype

system specifications appears in Table I. This paper system includes time-

delay—and—integration (ID!) signa l processing with 16 elements in the scan
direction to provide approximately 12 dB improvement in the signal-to—noise
ratio.

The prototype focal plane array (FPA ) cc’nsists of ten 16 x 21+ element InSb
detector arrays with an associated si gna l processor chip for each array. To
preserve horizontal MTF, the detectors are sampled 2* times per dwell.  Detector
spacing is adjusted to provide 3: 1 interleave for TDI. The detector samp ling
rate is obtained from

— (number samples /dwell ) (number horizontal resolution elements)
s — (scan efficiency) (field time)

(2*) (1+80) 2= (0.7) (1/60) = 9 .57 kHz

• The detector integration time is the reciproca l of the sampling rate ,
= 10.8 ps , and the dwell time is Tdwell = 2* 1

~
j

t 
= 2k.3 is. The maximum

signa l frequency is 
~max 

= 0 8 /’Tdwell 32 .9 kHz. Detector operation requires
a foca l plane temperature of 77 K, and use with standard cryogenic coolers
limits the total on-focal plane power dissipation to I W.

The use of CCD/NMOS technology for the silicon signal processor chip
appears optima l for the following reasons: (1) the ope ration of NMOS circuitry

_ 
_  _  
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fl
Table 1

• 1  Prototype FLIR System Specifications

Scan : Horizonta l Unidirectional
70% Scan Efficiency

Display Compatibil ity: 525-Line TV , 2: 1 Interlace , 4/3
Aspect Ratio (480 res. elements
in scan , 360 res. elements in
cross—scan)

Dwell Time: 214.3 ~s
Samples /Dwell: 2*

lIe 2Background Flux : 5 x 10 Photons/s - cm
Focal Plane Temperature: 77 K

Power Dissi pation on Focal Plane: 1 W (max)
Detectors: 10 — 16 x 24 InSb CID Arrays

Active Area : 14 mils 2 (2.58 x l0~~ cm
2)

Quantum Efficiency: 50%

Insulator Capacitance: 3 x io~~ F/cm

• Read Line Vol tage: -6 to -8 v, non

Injection Pulse: +3 V, 85 ns duration

Reset Pulse Duration: 50 ns

I

_________ ______________________ 
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is enhanced at low temperatures,2 whereas that of bipolar circuitry is typically

degraded3; (2) the ID! and multip lexer functions are conveniently implemented
w ith CCDs; (3) CID contro l and signa l sensing are facilitated using NMOS
amplifier circuits that exhibit extremely high ,input impedances .

The CID array is a self—multiple xed structure , thus all 16 detectors in the
TDI column must be read out in T.

t
. This results in a sampling rate of 1.48 MHz

at each signal processor input terminal. Background-limited detector performance

(BLYP) requires that fluctuations of the output signa l be l imited to the shot

noise on the number of carriers in the detector charge packet generated by the

background radiation . lo achieve BLIP, all other noise sources in the processor

circuit , when added in quadrature , must result in a noise component that is

smaller than the shot noise component determined from the variance on the charge

• packet, ~~2) = ~~ 1 . A where i~ is the quantum efficiency of the detector,

is the background photon flux in photons/s - cm and Ad is the active (i.e.,

imaging) area of each detector cell.

Based on the data of Table 1 , the shot noise component in rms carriers is

N~ = = 264 carriers. Note that N is based onl y on system requirements and
detector specifications and will be used to eva luate processor performance re-

quirements in a later section.

Based on the prototype system specifications , the signa l processor chip is

configured to provide the necessary preamplification , ID! processing and mu l-

tiplexing for 21+ detector channels from each CID array. The block diagram in
• I Fi gure 1 illustrates the components included in each processor channel. This

is a fully parallel imp l ementation of the series—parallel scan FPA concept H

developed by Milton and Hess,1 which results in a 2LeX decrease in preamplifier
• bandwidth and CDS clock rates. The RESET switch and INJECTION PULSE coupling

capacitor are requ i red for operation of the CID detector sense line. The low

noise preamplifier is an NMOS design with negative feedback employed for small

— 5 
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signa l gain and dc operating point stabilization. Significant aspects of the

preamplifier design include: (1) low noise operation with the limited power

budget required for on-focal-plane applications , (2) sufficient bandwidth

and slew rate to allow settling of transients due to detector control pulses ,

(3) sufficient linear range to accommodate typica l NMOS threshold voltage varia-

tions.

The preamp is followed by a correlated double sampling (CDS) circuit2 that

suppresses kTC noise on the detector sense l ine and I/f noise in the preamp.

The signal from the CDS circuit is applied to the input of a CCD TDI consisting

of a 16—stage charge transfer shift register that is connected to a 48—stage

CCD TDI register through parallel transfer gates. Charge in the TDI register

is advanced one stage each time the shift register is filled , thereby matching

the 3:1 interleave in the detectors. The ac couple/dc restore operation is

accomplished at the TDI output and the 24 channels are recombined in a charge

transfer output multiplexer.

Details of the design of each of the processor components are presented in

the following section .

V
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SECTION III

PROCESSOR DESIGN

The processor circuit is composed of six individua l circuits , as illustrated

in the block diagram in Figure 1: (1) detector sense line control , (2) pre-
amplifier , (3) CDS , (1+) TDI , (5) ac couple/dc restore, and (6) output multiplexer.
The operation and design requirements of (1) through (3) are hi ghly interrelated
and will be considered as a single functional unit to facilitate a discussion

of the design detdils. Similarly, discussion of the ac couple/dc restore and

multiplexer circuits will be combined .

-

‘ 
In this section the operational details of each circuit are described , and

the resulting design parameters and circuit configurations are presented . Unless

otherwise specified , all calculation s assume a 77 K amb ient temperature.

A. ~Jjnal Conditioning Circuit

• Operation of the CID detector is depicted in Figure 2. During the integra-

tion time , Tint s IR—generated carriers are stored in potential wells that are

created in the InSb substrate by means of external vol tages applied to the address

l ine and sense line gates. The address line vol tage is controlled by an external

read—out scan shift register (see Figure 1). The sense line , on the other hand ,

is connected to the high impedance input of the preamplifier. To maintain control

of the sense line vol tage (which would otherwise depend , among other things ,

on the previous read operation and the amount of charge stored in all the cells

connected to it), the reset swi tch is closed b riefly prior to each cha rge sens ing
operation and reestablishes a reference level. Although the reset operation is

required for proper detector operation , it results in an additional noise source

at the preamplifier which is characterized by an uncertainty in the reference

level given by (kT/C1)* where, as before, C1 is the total sense line capacitance.

This voltage uncertainty can be expressed as a noise equiva l ent charge given by

neq = (kTC~)*/q. Assuming an approximate value for CI (10 pF) , this results in
• an neq of 650 carriers , 21 times larger than the shot noise component , N~. cal cu-

lated in the previous section. Thus, in order to achieve BLIP, the reset noise

• _ _ _  
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component must be eliminated . This is accomplished using the CDS technique,

in which a double samp l ing circuit is operated synchronously with the detector

control circuit.

The detector operating sequence depicted in Figure 2 represents the most

straightforward of a number of possible sequences. Prior to the line select

operation, the reset switch , 1, is closed briefly, thereby resetting the sense

l ine voltage to the reference level Vreset• When a particular address line , An~
is selected by the read—out scan register (see Figure 1), the signal charge, Q,

integrated under the address l ine gate is transferred into the potential well

beneath the sense l ine gate. This causes a change in the si gnal l ine voltage,

which is given by (assuming hole transfer):

— ~~1 
CI SLAVSL1

_ g.. 
~
‘ + c ’ l r  ~~~ ‘“DSL I SL T ‘~ ISL DSL’

where CISL = sense l ine gate insulator capacitance,

CDSL = sense l ine gate depletion capacitance ,

C1’ = effective sense l ine capacitance

= CT - CI SL CDSI/ (C ISL + CDSL).

Shortly thereafter , an injection pulse is ac-coupled through 
~~~~ 

which

collapses the potential well and causes Q5 = Q1 + Q2 to be injected into the

substrate. Assuming complete charge injection , the sense line vol tage changes by

AV 2 = 
Q2 C151

SL CDSL CISL + CT (CISL + CD SL )

Note that the total excursion of the sense l ine voltage between select and inject

operations is

Q .  C
— 

sig ISL
A SL = A SL1 — A SL2 — CDSL 

CISL + CT ’ (C I SL + C0s1)

I
10
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thus , sensing the entire detector signa l requires forming the difference between

• I two samples , one acquired following the select operation and one following the

injection operation.

• Correlated double sampling is used to remove the noise component associated

with the reset operation on the CID sense line and , in addition , performs the

sample-differencing operation discussed above. Figure 2 shows the timing of

the clamp and sample pu l ses relative to the select and inject pu l ses.

When TI is opened the input mode is characterized by a time constant giv~n

- 

I 
by R ff C1, where R ff is the “off” resistance of and is typ i ca l ly> 10 10 ohms.

The reset noise wi l l , therefore, be correlated between any samples taken between

reset operations.

If the clamp operation is performed between select and inject operation ,

it will result in a voltage stored on C~ , which is approximately

= V la - A l (VR + SV R + AV SLI)

where SVR is the uncertainty due to the reset. If the output of buffer stage
A2 is sampled following the inject operation and prior to the next reset, the

resulting voltage stored on CSH will be proportiona l to

= Vcla 
- A T (V R + SVR + AVsL1) + A l(V R + SV R ’ + AV SL2 )

where
SV R’ = SV R exp [- (t5 

- t3)/R0ff CT]

Thus , the difference tiV512 — AV s1, Is obtained and the reset noise is
approximately cancelled . The observed noise leve l , referred to the preamp lifier

input , is given by

ii
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en = (F)1 {2 ~1 E- ~ 
t~~])~ 1

which approaches zero for t
5 

- t
3 << ~~~ C.~.. Note that if the time between

clamp and sample is too long compared to R0ff C1, the correlation of the noise
decreases, and the input referred noise can actually increase.

The va lue of the injection capacitor C.. must be sufficiently large to

allow modest requ irements for the injection pulse amplitude , which is capacitively

divided between C~~ and the input node capacitance due to the detector si gnal

l ine and the preamplifier input capacitance. On the other hand , large values of

cause increased l oading of the inpu t node resulting is si gna l attenuation

and a lower input referred noise requirement in the preamplifier to achieve

BLIP. Projected detector parameters indica te the max imum capacitance (all wells

full) of the detector si gnal l ine will be C = 6 pF , based on an insulator

capacitance of 3 x l0 F/cm The preamplifier input capacitance is predicted

to be in the 2 to 3 pF range, resulting in a worst—case input node capacitance

of 8 to 9 pF exclusive of the injection capacitor. Proper operation of the
• I detectors requires a 3 V injection pu l se amplitude on the input node. Use of

a 3 pF injection capacitor results in an injection pu l se amplitude requirement
• of 12 V on the injection pu l se bus l ine and a total input node capacitance (CT)

of 11 to 12 pF. •

Selection of design parameters for the RESET switch transistor invo l ves

similar considerations. Ihe W/L ratio must be sufficiently large to allow

• completion of the reset operation in the requ i red interva l (50 ns) and with

realistic control pulse amplitudes . However, the gate-source capacitance adds

directl y to the total input node capacitance , CTI and a minimum gate width

is desirable. If it is assumed that the reset operation occurs prior to l ine

select , and further that the injection process is complete (all integrated charge

recombines), then the reset operation is required to correct for changes in the

- 
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signa l l ine potential due to injection of the charge integrated under the signal

line electrode. If the address l ine and signal line electrodes have the same

• area, the signal line potential will change by half the signa l voltage. The

maximum signa l voltage corresponds to a “full well” under the signal line

electrode, and the maximum signal charge is 
~~~ 

= V in j  C
SL ’~ 

where C
SL ’ is

the capacitance of one signa l line electrode. The maximum drain-source voltage

on the RESET transistor prior to the reset operation is approximately V
DS

= V
~~j 

CSL’/2 CT’. or about 50 mV for the parameters assumed above.

An incomplete reset operation results in crosstalk between adjacent samples.

Assuming that less than 1% crosstalk is desirable , the W/L ratio of the RESET

switch transistor can be determined. Since the drain—source voltage w ill be

much smaller than the app l ied gate-source vol tage, the device is assumed to

operate in the triode region and is modelled as a resistor having a val ue

l/G05, where GDS = K (W/L)(VGS - vT)
~ 

and K is a processing constant equa l to

1.1+ x 10 for short channel (W = 0.3 m u )  devices fabricated at Texas Instruments.

A 1% accuracy requires a reset interva l of 14.6 times the effective RC time

constant of the input node, which is simply CT/GD5. For CT = 12 pF and a 50 ns

reset interva l the required G05 is approximately 1 .1 mmho. Assuming VGS 
— VT

‘ = 5 V, the resulting W/L ratio for the reset switch is about 16.

The gate-source capacitance of this device adds approximately 0.5 pF to CT.
Note that this capacite~nc~ also resul ts in coupling of the reset control pulse
waveform to the sense l ine. The amplitude of this spurious signal is

• V RP CG$/(CGS + CT), where V
RP 

is the reset pu l se amplitude.

The low noise NMOS preamp lifier is the most critica l component on the

signal processor chip and presents the highest risk. The use of NMOS technology

in this application is deemed optimum for a number of reasons. Silicon NMOS

F circuitry is a natura l candidate for direct interface with the InSb MIS detectors.
Bipolar technology requires a static bias current supply that would be difficult

13
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to provide without seriously compromising detector performance. In addition ,

whereas bipolar device performance (including junction FETs) is typically

degraded at cryogenic temperatures , all aspects of MOS device performance

are enhanced. 4

The key considerations in the design of the preamplifier are listed below

in order of their importance to achieving the desired system performance:

(1) Noise performance

(2) Power dissipation
(3) Bandwidth

(4) Slew rate

(5) Insensitivity to ±100 mV threshold variations
(6) Gain

(7) Input capacitance

(8) Output impedance

(9) Required Si area.

Of these, only the first two are dictated directly by system requirements.

The remaining parameters are interrelated among t ,emselves as well as with the
parameters of the other circuits that comprise the signal conditioning circuit.

To achieve BLIP , the quadrature sum of all noise sources in the preamplifier

circuit , when referred to the input  node, must be smaller than the equivalent

noise voltage due to the detector shot noise component qN /C (rms vol ts).
n T

The noise characteristics of the MOSFETs in the firs t stage of a preamplifier
normally dominate the noise performance of the entire circuit. The spectra l

density of the noise equiva l ent vol tage, ~~ in a MOSFET can be separated into

two distinct regions of interest , as shown in Fi gure 3.

114
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The low frequency region is characterized by a spectra l density function

proportional to f 1 and is usually referred to as the 1/f region. The flat region

at higher frequencies is the white, thermal , or Johnson—noise region .

The white noise generated in MOSFETs is caused by random therma l motion of

the charge carriers in the conducting channel. The input referred noise density
is given by

nd = 8 kT/3 9m V
2/Hz

where 9m is the transconductance of the device. When the transistor is operated

in the saturation region, this relation can be expressed as

nd = 8 kT/3 (2K I~ Wit.)
1

where K is a processing constant. This can be expressed as an input referred

rms noise vol tage V
n by incorporating the preamplifier bandwidth :

• I -
~~~

• V = (8 kT 
~~~~~) 

(2K lo w/L) ~

The gate length , L, is constrained by photolithographic limitation s, and

the preamplifier bandwidth , BW , is determined by the CDS circuit (to be discussed).

• The only remaining parameters that affect Johnson noise performance are the

drain current, I~~ which directly influences power dissi pation , and the gate r

width , W , which affects the input capacitance and the required silicon area .

These considerations are discussed later in this section.

The low-frequency noise in the surface-channel MOSFET device is caused
mainly by random fluctuations of carriers in the fast—interface surface states
l ocated at the oxide-semiconductor interface. Although a number of authors have

discussed the characteristics of surface-state noise in the MOSFET, no closed

16
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form solution has yet been achieved , mainly because of difficulties in obtaining

a unique relation to the processing of the device. Possibl y the most reasonable

explanation is based on the modification of a noise model originally introduced

-• by McWhorter for the explanation of flicker or I/f noise in bulk semiconductors .

This modification has been extensively evaluated by other investi gators

under the assumption that the noise is caused by a random trapping of free

• carriers in the fast-interface surface states. To provide the observed 1/f

frequency response, the trapping is postulated to occur via a tunneling mechanism.

This , then , results in the low frequency fluctuation in the channel current with

a (1 + w
2 ,~.2)-l dependence.

The generalized expression for low-frequency noise in MOS transistors is

~ 
_ _s_ F(V )

n C ox c~f W L  GS

where

C0,~ = gate oxide capacitance/unit area ,

N5~ 
= surface state density/unit area ,

and ~ is a constant related to the statistics of the noise mechanism and depends

on the particular model employed , although a typica l value is approximately

= 80. The additional multiplicative factor F(VGS) accommodates the observed

dependence on gate voltage that exhibits a squa re root to linea r dependence.

The 1/f component generated in the preamplifier circuit is not expected to

be prob l ematic due to the effect of the CDS circuit , which substantially suppresses

the noise generated at frequencies below 1/At , where At is the interva l between

clamp and sample operation . To understand this effect, consider the noise to be

an ensemble of independent sine wave of arbitrary frequency and phase and having

average amplitude Cav~ The input waveform is then

e. = e s i n ( w t + Ø )

• 17
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The response of the CDS circuit to a particular component w is
0

eout(t) = cay 

~~ 

[sin(nw T + ~
) - sin(nw l - w0At + 0)]

where T5 Is the inverse of the sample rate. The mean square va lue of e0~~
(w)

is found by integrating e
~~~

2
(w) over all values of 0 (0 to 2

:). 
Thus , 

. $
[eout(w)] = e 

2~r 

~~ 

eout(t) 
~ _jU~t dtl 

]

1

I sin wT /2
= e8~(l 

- cos ~~ At) wT /2

As cumbersome as this expression appears, it succinctly demonstrates two important

points regarding the effect of the CDS circuit on preamplifier noise. For 1/f

noise eav is of the form ef 
~~~~~~ 

where efr is the spot noise measured at a

reference frequency f,.. Assum ing w0 to be- small compared with the sample rate

2rr/T5 (thus with respect to 2rT/At), (eout(wo
)]

rms is approximated by

• [eo t (w0)] e8 wA t/J~ ef (1rf0f A t) , • •

wh ich vanishes as f0 0.

J -



-- ~~~~~~~~~ ‘--~~~~~~~~~~~~~ -

The second important point regards the infinite sum in the expression for
• [e r] ,  which describes the aliasing phenomenon due to the samp l ing operation .

If is not l imited to values less than IT/i
5 

(the Nyquist limit) , then images

fold over into the Nyquist interva l 0 � w < IT/I5 and cause an increase in the

rms noise power. These points are illustrated in Figure 4 , which shows the

product of the CDS transfer function wi th the aliased noise spectrum for the

case At = T~ /2 .

Thus, although I/f noise is suppressed by the CDS circuit , the Johnson

noise component is typically Increased due to aliasing. Ideally, one would like

to band—limit the Johnson noise to the Nyquist frequency by limiting the pream-

plifier bandwidth. Although this approach eliminates all noise aliasing, it

would result in unacceptable signal attenuation because of the short response

times imposed by the detector read-out scheme. Assuming the preamplifier fre-

quency response is dominated by a single pole having an effective time constant
T , the rms input referred noise after amplification and CDS is given by

1
1 

-
~~ — ( t

5
- t

3
) 2

V e 
(~~~~~

) {2[l - exp( T )] }

• 
• 

where en is the input referred noise spectra l density (v//ii~) of the preampli fier.
From this equation it appears that increasing ,- (decreasing bandwidth) and/or
decreasing t

5 
- t3 (thereby increasing the correlation between samp les ) is

desirable. - 
-

However , as r increases , an increasing fraction of the reset noise remains

after clamping , thus reducing the noise reduction properties of the CDS circuit.

In view of these l imitations , it is suggested in the literature 10 that the use
• of three to four time constants between reset and clamp, as well as between

injection and sample , is optimal. In reality , however , it is anticipated that

these intervals will be dictated by recovery time (slew rate) l imitations in

the preamplifier , which determine its response to the hi gh l evel reset and

19
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FIgure 1 Cffect of the CDS Circuit on Noise: (a) Input Noise
Spectrum Showing A liasing Effects, (b) Noise Transfer
Fun ct i on of the CDS , (c) Outpu t Noise Spectrum
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inject pulse amplitudes that appear on the detector sense line. Assuming an

injection pulse duration of 85 ns and reset, clamp , and samp le pulse duration

of 50 ns , the total remaining settling t ime is approximately 440 ns. This

requirement must be considered in the design of the preamplifier.

A low noise preamplifier having the configuration shown in Figure 5 was

previously designed and fabricated at Texas Instruments for use with a CCD

image buffer. Since a CDS circuit was not used in this application , buried

channel MOSFETs were empl oyed to improve low frequency noise performance. This

device structure effectively moves the current flow away from the “noisy”

semiconductor-oxide interface by using a very deep depletion imp lant. This type

of device is therefore characterized by large negative threshold voltages , and

its operation is very similar to that of a junction FET.

As mentioned previously, the surface channel mechanism is caused by surface

state trapping. In the buried channel MOSFET, however, the low frequency noise

mechanism can be related to bulk phenomena, since the conducting channel has

been moved away from the surface to the bulk reg ion. More precisel y, the low
frequency noise mechanism in the buried channel MOSFET can be associated with

generation—recombination (g-r) centers within the bulk. Although considerable

effort has been devoted to the theory of low frequency noise mechanisms in surface

channel MOSFETs , detailed theoretical considerations have not been completely 
-

•

developed for low frequency buried channel devices .

The preamplifier des ign goals included a gain of 75 with an equivalent
Johnson noise component of 14 nV//fli and a low frequency noise corner (low

— frequency noise equa l to Johnson noise) at I kHz.

21
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Typica l 1/f corner, frequencies for surface channe l devices are in the range of

10 kHz to 1 MHz. This design emp loys two casaded buried channel inverter

stages with depletion-type active loads. A surface channe l output buffer

dr ives the output l oad and provides series feedback to the first stage. The

input device, M2 Is a large interdigitated buried channel structure with noise .

characteristics determining the overall preamplifier noise performance, since

significant gain occurs in the first stage. The device was designed to have a

theoretica l white noise of 14 nV//~~ and a low frequency corner of 1 kHz with a

W/L ratio of 300 and I~ of 1 mA . The load device of the first stage , Ml , is

• also a buried channe l structure with the gate tied to the source, providing a

high series resistance typical of depletion load devices . The open loop of

this stage is approximately 40.

The second amp lifier stage has a design noise of 6 nV/JTTI; thus , when

referred to the input of the preamplifier , it is a neg l i g ible contributor to
the tota l noise. The second inverter gain stage, consisting of M3 with a WIL

ratio of 0.2 and M4 with a W/L ratio of 10, provides additional open loop gain

and , in conjunction with C~, provides interna l closed loop frequency compensation

• and bandwidth control. The fina l stage of the preamplifier is a surface channel

source-follower stage that buffers the amplifier output stage for the output

• load and feedback and reduces the power dissipation in the feedback network.

In addition to stabilizing the ac characteristics , the feedback arrangement also

stabilizes dc characteristics within the loop, which is particularly important

in terms of MOSFET threshold voltage variations. Critica l bias voltages must

still be supplied at the gate of M2, and the V~5 supply must be well regulated

and “quiet .” To ach ieve proper operation of the large W/L MOSFET5 , substrate

bias must be applied . The design va l ue of substrate voltage is -5.0 V.

The feedback resistors , Rf and R 5 , are imp lanted structures fabric4ted with
the buried channel ion implant. Sheet resistivities are on the order of 5 Icc)!
square and provide adequate l inearity for this application. The closed loop

23
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gain is dependent onl y on the ratio of these resistances , and absolute values

are noncritica l if adequate bias can be maintained at the source of M2 . A

computer-aided design dc ana l ysis prog ram showed linear operation over a ±2 V

range at the output.

The measured noise characteristics of the preamplifier are shown in Figure 6.

The white noise component is somewhat larger than predicted , an effect that has

been identified with the interdigitated geometry of the input device .11 
In

addition , the low frequency corner is considerabl y higher than predicted , and

this has been attributed mainly to the surface channel source—follower transistor

M5. Based on the experience obtained in the design and analysis of the buried

channe l preamplifier configuration of Fi gure 5, a surface channel version of the
circuit was selected for use on the silicon processor chip.

The circuit diagram for the low noise preamplifier is shown in Figure 7,

which also shows the mc-st important parasitic and compensation capacitances .

Note that the output si gna l is now taken directly from the second stage , thereby

eliminating gain degradation in the source-follower, which is employed only to
• buffer the feedback circuit. Although l oad resistors are indicated in the figure

for the purpose of the ensuing calculations , it is assumed that depletion mode
transistors w i l l  be emp loyed as load devices and for the feedback divider.

• 
1 Using simplified circuit models for Ml , M2 , and M3 (i.e., I~ = 

~~ 
VGs),

• the low frequency small signal transfer function is given by

— 

A V I Av2
A VCL — 1 + 

~ 
A V1 A V2 A v3

where A
~ i. A~~ , and A v3 are the open loop voltage gains for each stage given by:

A - 1r 1 ~ 
R5 (1 + 9m3 Rf)1

V I — 

~~ml 
R11 f L  + 1 + 9m3 ~~f 

+ R5) J -
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A~~ =~~g~2 R12

9m3 f + R 5)Av3 = 1 + 9m3 (Rf + R5
)

and ~ is the feedback divider ratio ~ = R
5

/ ( R
5 

+ Rf). Assuming that the low
frequency open loop gain A v1 A V2 is much larger than l/~, the high frequency
transfer function is approximately

— 

A voL(s)A VCL (s) — 1 + A VFB(s)

A VOL(s) is the open loop gain and A VFB(s) is the gain in the feedback loop :

— 
, 

—

A I~~ 
m m

r~ ~5 , —  .1 ,

sC (s + ~~~~~~~ )

-
~~~ Rf Cf g 1

1(s - 9m2/CC)(5 + l/R
fC f)A VFB (s) = 

sC*(s + 9m2~
C )

where C’~ = C
5H 

+ C~ + CSHCL/CC and g 1 ’ is the effective value of 9m l’ which
is reduced by the source-coupled feedback circuit

g 1 R (l+ g Rf)
9ml = 9ml 1 + 

+ 9m3 (Rf

The small signal bandwidth of the preamplifier can be obtained by comparing
A VCL (s) with the low frequency val ue A VCL obtained earlier. The stability of
the preamplifier circuit can be analyzed using the feedback transfer function
A VFB(s), which must satisfy

- 1T </A VFB_< Tr for A VFB ~ 1
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In practice, the preceding equations are used in conjunction with dc device

models to perform a quick eval uation of gain , bandwidth , and stability for a

particular design . Complete characterization of the dc, ac, and transient

performance of a preamplifier design was accomplished using a computer simulation

program (SPICE). This program utilizes device models having parameters that are

experimentally determined using test transistors fabricated with the CCD/NMOS

process that will be employed for fabrication of the signal processor chip.

• The resulting circuit configuration for thy’ preamplifier is shown in

Figure 8, which indicates device W/L ratios, nomina l node voltages , and branch

currents . Performance specifications as predicted by SPICE simulation are

listed in Table 2 along with those dictated by system requirements. The tota l

input capacitance, C1, is predicted to be approximately 1 1 pF (including strays),

resulting in an input referred noise voltage of 3.8 i~V rms. The preamplifier

Johnson noise density requirement is then 1.9 nV/vl1~, based on the 4.2 MHz
preamplifier bandwidth . The predicted noise performance listed in the table

is Indicative of the result of the key trade-offs among noise performance,

power dissipation , and silicon area constraints.

The prima ry noise sources in the preamplifier are M2 and R5. If the va l ue

of R5 is decreased in an attempt to decrease its noise contribution , the drain
current in M3, and , therefore, the power dissipated , must increase in order to

maintain the output swing required to accommodate ±100 mV threshold variations

• In M2. Thus, in the f inal des ign R5 and M2 contribute equally to the overall
preamp lifier noise perfo rmance.

The voltage gain of the first stage is 5.6 and results in an input capaci-

tance of 1.2 pF due to Miller multiplication of the gate-drain overlap capaci-

tance. The gate-source capacitance Is negli gible because of the source-coupled

feedback technique . The va lue of the compensation capacitor , CC~ 
was determined

from SPICE ana lysis of the transient response of the preamplifier circuit •to
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Table 2

- 

Preamplifier Performance Specifications

System SPICE
Parameter Requirement Prediction

- Input referred Johnson noise 1.9 nV//n! 3.7 nV//i~

Power dissi pation 14 mW 14.1 n*4

I Bandwidth -- 4.2 MHz

• Recovery time (+3 V, 85 ns
pulse) —— 320 ~is

• Gain —— 30 dB

Input capacitance -- 1.2 pF

Output resi stance -- 120 K

Maximum peak-to-peak voltage
swing at output -- ±5 V

- i
9
-
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reset and injection pulse waveforms . A va l ue of 0.06 pF and an estimated load

capacitance of 0.11 pF resulted in the 4.2 MHz small signal bandwidth. The tran-

sient due to the reset pulse was predicted to settle out in 120 ns , while that
• due to the injection pulse requires approximatel y 320 ns.

The schematic diagram of the CDS circuit appears in Figure 9. One key

design consideration is the bandwidth of the source-follower buffer stages ,

which must be sufficient to allow the clamp and sample operations to occur

with sufficient accuracy in the intervals allowed . The bandwidth of the clamp

buffer stage is determined by the charging and discharging of CSH~ while the

• bandwidth of the sample—and—hold buffer stage is determined by similar considera-

tion of the TDI circuit input capacitance, C101. The gates of depletion l oad

devices M8 and M il are controlled externally by V LG to allow optimization of the
bandwidths.

Another important design consideration is the noise introduced by the CDS

circuit. Due to the multi ple samr l ing operations invo l ved , the most convenient

point at which a comparison of noise sources can be made is the formation of the

signal charge packet in the TDI input circuit. Thus , although detailed considera-

tion of the 101 structure is delayed for a later section , the noise and sampling

properties of the 101 input circuit will be discussed here.

. . . . . U~~~ . • ,I .The TDI input circuit will operate in the fill and spil l mode, in which

a receiving well beneath an input gate (corresponding to CTDI in Figure 9) is

initially completely filled , then emptied to a leve l dependent on the relative

potentials between the signal on the input gate, V5jg~ and an intermediate

gate which is maintained at a reference dc leve l , Vref• This results in the

formation of a charge packet of (Vsig 
- Vref) C101 

with additional uncertainty

given by /kTCTDI due to the charge “spilling ” process. Expressed as an uncer-

tainty on V5jg~ this additional noise component is /kT/CTDI .
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The input referred Johnson noise due to the preamplifier , (e )
nJ preamp

experiences the gain of all three amplifiers and is aliased in the CDS sample

operation . The second sampl ing operation in the TDI input circuit does not

measurably affect this component further , due to the low—pass filtering effect

of the CDS sample—and—hold. At the TOt input , the rms value of the preamplifier
Johnson noise component is

enl = Apreamp A CL ASH (2Bw/fs]
* (eflJ)preamp~

where Apreamp is the voltage gain of the preamplifier (Apreamp = ~~~ A CL 
and

ASH are the vc’itage gains in the clamp and sample source-follower buffers ,

respectively; (ACL = ASH 1); BW is the preamplifier small si gnal bandwidth ;

and f5 is the sample rate. Inserting the appropriate values [Bw = 4.2 MHz,
f5 = 1.148 MHz, (eflJ)preamp = 7.6 I.LV rms] results in e~1 = 614 i.tV rms. The

quadrature sum of all other noise sources must be substantially smaller than

enl

The Johnson noise generated in the clamp buffer stage is aliased by the
• sample operation . The noise generated in the clamp circuit , referred to the

TDI input , is then
r

• - I 16 8W I
-~ 1 e CL = / ~~ I~

-__ + CL~~
LCL 3 s~~m7J

where BW is the bandwidth of the clamp buffer stage and g is the trans-
• conductance of device Mi, which is given by (2K ‘D W/L)k SPICE simulation

indicates that 
~~CL is approximately 10 MHz , and g

7 
is calculated to be

approximately 9.7 .imho. The cal culated va l ue is then eflCL = 27 i.LV.

- Johnson noise generated in the sample-and-hold buffer is aliased by the

sampling effect of the 101 input circuit. The noise generated in the sample-

and—hold circuit Is then 

~~
- - - •-
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-nSH LCSH 3f 5 ~ml0J
• where BWSH is the bandwidth of the sample—and—hold buffer stage and is the same

as for the clamp buffer; and g~~~ is the transconductance of device Mb , which ,
although a depletion mode device in order to eliminate large dc offsets through

the CDS circuit , exhibits approximately the same parameters as device M7. The

resulting cal culation gives enSH = 65 ~-~V rms.

The predicted value of CTDI is 0.044 pF, based on the geometry of the

input circuit. The vol tage equiva lent uncertainty due to CTDI IS eflTDI 
= 156 l.LV

rms. The quadrature sum of COS and TDI related noise sources is then 171 ~V rms

and results in a total noise voltage of 637 i.tV rms, which is only 4% greater than

the preamplifier Johnson noise component.

An additional consideration pertinent to the noise performance of the CDS

circuit involves the 1/f noise ganerated in Mi and Mb , which is not attenuated

by operation of the CDS circuit. The 1/f noise component is approximately given

by

• 
e~~(l /f) = (q/C

0~)
2 

80 fWL F(V GS) ‘

. . . . 2where C is the gate oxide capacitance (0.22 pF/mil for the CCD/NMOS process);

N
~5 

is the surface state density (typically 10 /cm ); and F(VGS) is a gate—

source bias factor, which is on the order of unity. As can be seen, the noise

power is inversely proportional to gate area, and devices M7 and M1O were

designed with the largest gate area deemed practical.

Evaluating the above expression results in

e~(l/f) -~~~~~tv/,/’9i .
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Since allas ing does not affect 1/f noise (it is , by definition, band—limited ),
we can multiply this result by /2 to obtain the combined 1/f noise due to M7 and

• 
- MlO and compare this to the preamplifier Johnson noise component referred to the
• CDS output. The resulting 1/f corner is calculated to be at approximately

100 Hz.

Operation of the CDS circuit was simulated using the SPICE program, which

indicated satisfactory performance with 50 ns clamp and sample pulse widths.

Figure 10 is a photomicrograph of a portion of the completed processor bar
showing the details of the signal conditioning circuit. Each of the components

shown in Figures 8 and 9 is labeled for identification . Note that the structures

have been positioned in a mirror-image configuration that simplifies intercon-

nection . The bus l ines running horizontall y at the top and bottom of the picture

carry clock waveforms for the TDI , ac couple/dc restore, and multiplexer struc-
tures. The bus l ines running between the two circuits are predominantly dc

supply l ines. Considerable attention was devoted to minimizing crossovers

between clock l ines and signal or dc supply lines throughout the chip.

F B. CCD Time-Delay—and—Integration (101)

The function of the TDI is to increase the signal-to-noise of the detector

output by integrating each pixe l over a number of samples. In a staring sensor

this can be accomplished by a simple integration process applied to each detector

element. In this case, however , the ultimate dynamic range is limited by detector
responsivity variation s rather than the achievable therma l noise level. In the

case of a scanned two—dimensiona l array , consecutive samples from consecutive

detector elements must be delayed before integrating to account for movement of

the scene relative to the array.
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This operation is illustrated in Figure 11 , which demonstrates the response
of a single column of detectors (say , from a 1+X M array) to a test image con-

sisting of two point sources , S1 and S2. The detector elements are connected
in parallel to the four inputs of a CCD summing register. During the time-

delay phase , all charge in the register is transferred by one cell toward the

output node. During the integration phase , the signal charge due to each con-

secutive detector element is transferred into consecutive register cells. Thus ,

as the point source image, 
~b ’ is scanned by the detector col umn , four samples

of the image are acquired and integrated into a sing le output sample , which is

proportional to -

If

(r 
~l + N )

where r~ is the responsivity of the nth detector cell and N is the noise in-

troduced on the n sample. The signa l component of the output sample is
L,~S1 , where r is the average responsivity (r1 + r2 + r

3 
+ r4)/k. Assuming all

noise contributions are due to~the same stochastic process , the noise component

of the output samp le is [kN 2]~ . Thus , the effect of the TDI is to improve the

signal-to—noise ratio by a factor of /~~; in addition , it provides an averag ing
of detector responsivities that results in a performance margin against the

failure of a few detector elements.

CCD structures have been designed to delay and add the parallel si gnals

from a number of serially scanned detectors .12 ’13 In these applications

(similar to the situation depicted in Figure 11 ) the aetector signals are continua lly

loaded in parallel (via individua l CCD input circuits) into a CCD register as

the register is clocked. Since the CID array multiplexes the detector si gnals

in a TDI col umn , the TDI structure must incorporate a demubti plexer to perform

the serial-parallel conversion required to permit parallel entry of the detector

signals into the suming register. Over—sampling the detectors further compli-

cates the design.
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Fi gure 11 Response of a Four-Stage TDI to Point Images S 1 and S2
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The scan and sample rates are interrelated such that three samples are

acqu ired in the time interva l required for a point source to be scanned a

distance corresponding to the center-to-center spacing between detector elements

in the scan direction . (The detector active area is , by necessity, smaller than

the element area, and the dwell time -- defined as the interva l required for a

point source to be scanned across the active area -- results in the 2* samples/

dwell time specification.) Thus , 48 samples are acquired from each detector
in the time interval requ ired for the point source to be scanned across the

16-element TDI column , and the TDI summing register must include 148 individua l

storage locations. Including the self-multiplexed format of the d O  detector
read-out scheme , the CCD TDI structure must consist of a 16-stage analog de-
multiplexer coup led to a 48-stage summing register.

Figure 12 is a sketch of the resulting CCD structure, illustrating the
3:1 interleave requirement (three summing register stages : one demulti plexer

• 
stage) and the use of “floating diffusion” stages to accommodate the differences

in cel l spacing. Both CCD registers are two-phase devices employing ion im-

planted potential wells to form the charge storage regions. Figure 13 illustrates

operation of the floating diffusion stages in the demultip lexer. In Figure 13(a)

a signa l charge packet, Q5, is shown stored in a potential well under the 01
electrode with both 01 and clocks at a low potential (“off”). When is

turned “on” in Figure 13(b), Q5 is transferred onto the floating diffusion.
In Figure 13(c) 

~2 
has been returned to the “off ” state, and is “on ,” re-

• sul ting in transfer of Q5 from the floa t in g diffusion into the potential well

under the 
~ 

gate. Finally, in Figure 13(d) the clock is turned “off,”

L and Q5 is again stored in a well from which it can be transferred either

along the detnultiplexer (by repeating the sequence) or into the summing register

(via the parallel transfer gate -- into the page in the figure).

Th. transfer from the floating diffusion into the wel l in Figure 13(c)

is a “bucket brigade” type charge transfer. The charge transfer efficiency (CTE)

39 
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Fi gure 13 Operation of the Floating Diffusion Stages in the Demultip lexer.
(a) through (d) Operation of the floating diffusion transfe r stage .
(e) Equiva l ent circuit diagram.
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observed for this transfer mechanism should be limited primarily by the low

frequency loss mechanism due to the dependence of the subthreshold leakage

current on the surface potential in the 01 well. The structure consisting of
• the floating diffusion and the 01 gate can be modelled as shown in Figure 13(c)

where Cfd is the capacitance of the floating diffusion , which is connected to

the source of an MOS transistor having a threshold voltage VT. In this transistor

the barrier region of the 
~ 1 gate corresponds to the channel and the well region

to a virtual drain having capacitance Cwe11~ 
At low clock frequencies a con-

siderable portion of the charge transfer interva l occurs while the transistor

is in the subthreshold region where the gate-source voltage exceeds the threshold

voltage by approximately kT/q. In other words, Cfd charges to within approxi-

mately kT/q of 01 - V
T 

in a relatively short interva l and independent of Q5 .
Transfer of the remaining fraction of occurs with the device in the sub-

threshold regime for which the low frequency CTE is l imited by channel shortening

effects and is given by~~

CTE — I ~~~~— 
q L  

~
VD 

‘

where V
D 

is the drain voltage. In MOSFETs the channel length is given by

2€
= ~~~~. - [ . ~ (vD - VOSAT)]

where L1. is the channel length when VD 
equals its saturation val ue VDSAT~ €~~ is

the dielectric constant of Si , and N is the doping concentration . Although this

expression is not strictly valid for the case of a virtua l drain (as opposed to

a diffused Junction), it should represent a reasonable approximation.

Imperfect CTE in the demultiplexer results in crosstalk between samples

n and n + 3 at the TDI register output , which is approximately

1.2

j  -- - — 

- _i_ -11: 
~
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16
E (1 — CTE

’1

)

error 
— 

n=l
signa l — 16

z (CTE) n
n=l

Assuming that the crosstalk must be less than 1%, the resulting CTE requirement

is 0.999, and the minimum gate length for the 
~l electrode is cal culated to be

approximately 0.7 mi l .

Important noise sources that remain to be considered include the reset noise

introduced at the TDI output node and the Johnson and I/f noise components in

the TDI output amplifier. Although a charge gain of approximately 16 is realized

through the TDI, output capacitance considerations result in approximately unity

peak-to-peak vol tage gain. Since the charge gain applied to the input noise is

14, the rms voltage gain applied to the noise is 0.25. Thus, the expected rms
noise l evel at the TDI output node is 159 t.tV. The total TDI output node capac-
itance, Cout~ 

is predicted to be 0.7 pF , resulting in an rms reset noise given

by (kT/Cout]~ 
and evaluated to be approximately 140 ~~~V. Th. total output noise

level at the source—follower input is 1614 liv rms. In addition , it is low-pass

filtered by the sin x/x response of the output circuit and is not substantially

affected by the sampling operation in the multiplexer input circuit.

The source—follower transistor is predicted to have a of about 7 ~.~mho

and a corresponding Johnson noise density of 20 nV/Ii~~. The source—follower

• stage bandwid th is predicted to be about 600 kHz; thus , the Johnson noise
component will be aliased by the 92.5 kHz sampling in the multi plexer input

circuit. The resulting rms noise voltage, including aliasing , is 56 ~.tV , and the
• total noise voltage at the multiplexer input (assuming unity gain in the source-

follower) is 173 i.’V rms . The 1/f noise generated in the output amplifier

(1.8 m ib 2 gate area) is approximately l5/f~ iV//i~~. The resulting 1/f corner

is calculated to be approximately 250 Hz.
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Figure 14 is a photomicrograph of the completed chip showing the TDI

structure. Note the spacings between ID! output nodes labeled on the picture .

C. Ac-Couple/Dc—Restore and CCD Multiplexer Circuits

Dc restoration is accomplished by performing a dc clamp via the dc restore

switch on the multiplexer input gate, which is capacitively coupled to the TDI

output circuit (refer to Figure 1). This operation removes all electronic off-

sets in the detector and processor circuits and , in addition , removes detector

background response nonun iformities if a thermal reference is scanned by the

detector array during the clamp.

The primary design consideration for the 21.-channel multiplexer is minimiza-

tin of channel—to-channel dc offsets, which result in a noise component that

exhibits a “fixed pattern” temporal distribution in the multiplexer output wave-

form. These fixed pattern noise components are commonly associated with CCD

multiplexers and are typically attributed to lIDS threshold voltage variations

among the input circuits that perform the voltage—to-charge conversion. The

potential equilibration or “fill—an d—spill” input technique15 is the least

sensitive of the standard CCD input circuits in this regard , since the si gnal

• charge packet is defined by the difference in surface potential between two
• I adjacent CCD electrodes. However, although the absolute va l ue of the threshold

voltage of either gate Is not involved , the difference between threshold voltages

typically causes 20 to 50 mV fixed pattern offsets in CCD multipbexers)6 A
threshold independent input scheme has been described in the literature 17;
however , close examination revealed that it is not compatible with the ac couple/

dc restore operation required for the signa l processor circuit , since it neces-

sitates dc-restoring the Input node once per clock period .

Another alternative that was considered completely eliminates the use of a

CCD structure and accomplishes the mu ltiplexing function by sequentially addressing
an array of analog MOS switches that are connected to a common output bus l ine.
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Sequential addressing can be accomplished on the processor chip using a low

power, dynamic NMOS shift register. Although the signa l node is restored once

per frame, the parasitic capacitances to the coninon output l ine result in a

“charge—mixing” effect and the loss of the dc reference information . As a

result of these considerations , the “fill—an d—spill ” input technique must be

employed, and the fixed pattern offsets must be processed out in external

signal processing circuitry.

A secondary design consideration invo l ves matching the pitch of the mu l-

tiplexer to the spacing of the processor channels (the spacing between TDI

output nodes indicated in Figure l4)~ There are two alternatives : (I) fan in

TDI signal lines to match the smaller pitch of a CCD structure , or (2) elongate

the multiplexer transfer cells , using floating diffusion interconnects (as in

the TDI demultiplexer), to match the TDI output node spacing. The decision was

made to employ the latter approach based on concerns for matching capacitances

of long s igna l leads and minimizing induced clock noise. In addition , a dua l-

channel, phase—multiplexed design was utilized that reduces the clock rate in

each channel, thereby reducing the potential signal degradation due to low CTE

in the floating differsion transfer cells. Since 21. channels are read out in

1/92.5 kHz (1/TDI output rate), the data rate at the multiplexer output is 2.2

MHz, although the transfer rate in each channel is 1.1 MHz.

A two-stage source-follower output buffer amplifier was designed to drive

10 pF external capacitance while maintaining a 10 MHz bandwidth . This amplificr •

was predicted to exhibit a vol tage gain of 0.85 and to dissi pate 11 mW. The

mismatch between the capacitance of the multi plexer input gate and the capaci-

tance of the output node results in a voltage gain of 0.6 at the multi plexer

output node.

The dominant therma l noise sources in the multiplexer are the reset noise

in the input and output circuits and the Johnson and 1/f components in the



output amplifier. The multiplexer input well capacitance is 0.2 pF, resulting
• in an equivalent noise vol tage of 73 ~iV rms which , combined with the noise level

• calculated in the previous section, yields a total multiplexer input noise voltage

of 188 I.iV. The output node capacitance is predicted to be 0.35 pF and results

in a 55 liv rms reset noise component and a total output noise level of 126 liv rms.

The Johnson noise component in the output amplifier is neglig ible due to

the relatively large W/L ratios and drain currents employed . The 1/f component

is dominated by the first—stage driver transistor , which has a gate area of

2.25 mi ls2 and a resulting 1/f component given by l4/f~ ~&V/~/11~. Note that the

effect of the multiplexer is to reduce the output referred noise density by

i iIi~, where N is the number of channels. The resulting I/f corner can be expected

to increase considerably and is calculated to occur at about li kHz. Thus, the

1/f noise performance of the entire processor circuit is expected to be dominated

by the component generated in the output buffer amplifier.

Figure 15 is a photomicrograph of a portion of the completed processor

bar. It shows details of the ac couple/dc restore, multiplexer , and output

buffer amplifier structures .
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Figure 15 Photomicrograph Showing Multiplexer Outpu t Circuit
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SECTION iv
PROCESSOR TESTS

The silico n signal processor chip was fabricated using a double- level ,
self-aligned pol ysilicon gate NMOS/CCD p rocess deve l oped at Texas Instruments.

A photomicrograph of the comp leted processor chip appears in Figure 16. In

addition to the p rocessor chip, a test chi p was designed and fabricated that

included each of the major components as a separatel y bondable test structure .

This allows full characterization of each of the component circuit s at 77 K with

small labora tory liquid ntrogen dewars and considerably less equipment than is

required to support ope ration of the full processor circuit. A photomicrograph
of the test chip appears in Figure 17.

In addition to test structures for the preamp , CDS, TDI , multip l exer , and
output buffer circuits , a numbe r of test structures were included to allow more

complete experimental eva l uation of circuit parameters. A second preamp structure

was included that features bondable options for input transistors having W/L

ratios rang ing from 50 to 200 and compensation capacitors having va l ue from 0.06 pF

• to approximately 3 pF. Anothe r test structure included the preamp, CDS, and TDI

circuits , which were interconnected to form a dua l channel processor test

circuit. -

A timing circuit was designed and constructed that provides the nume rous

clock waveforms required for operation of the p rocessor chip. The circuit was

utilized for the tests described in this section and is described in detail in

Appendix A. The remainder of this Section is devoted to discussion of the data

resulting from eva l uation of the major test circuits.

A. Preamplifier Tests

The p reamplifier test circuit is identical to that used in the processor

chip, except that the compensation capacitor must be bonded into the circuit ,

‘+9
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• and the output drives an additional sou rce-followe r stage , which was included
to provide buffering of the highl y capacitive l oads associated with packag ing

and testing. In preliminary tests the circ uit exhibited a nominal voltage gain

of 50 and a bandwidth of about 1 MHz . This measured bandwidth is conside rabl y
smaller than predicted (4.2 MHz), an effect that was initially attributed to

• excess stray capacitance due to the addition of bond pads at the compensation

nodes. Subsequent examination of the structure revealed that the depletion

load devices (Ml and Mk in Figure 8 of the previous section) had been in-

advertentl y coded with inverted W/L ratios . This resulted in lowe r load

conductances and drain currents with a corresponding decrease in bandwidth and

increase in gain and input referred noise. Revised SPICE simulations confirmed

• the gain bandwidth values and predicted an input refe r red noise density of
11 nVAJIWat room temperature. Prelimina ry noise measurements at room temperature

indicated a Johnson noise level of about 10 to 12 nVA4I~, in good agreement with
SPICE simulations.

Additional SPICE runs were accomplished to simulate 77 K operation using

device parameters that incorporated the theoretical temperature dependence of

mobi lity and threshold voltage . These simulations predicted a voltage gain of

35, bandwidth of 4 MHz, input referred noise voltage of 14.1. nV/~fi~, and power
dissipation of 8 mW at 77 K. (A number of cryogenic application s of surface

channe l , enhancement mode MOS transistors have been reported
2)18 which indicate

good correspondence between predicted and measured temperature dependence of

dev ice parameters.) Thus, in spite of the layout errors , p reamp lifier performance

at 77 K was expected to be close to origina l estimates , with the exception of
power dissipation which is predicted to be twice the desi gn goal.

• Preliminary low temperature tests resulted in the somewhat start l ing
observation that preamplifier noise performance did not imp rove at 77 K. Rathe r ,
the input refe r red noise voltage measured at 77 K was very nearl y the same va l ue
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measured at 300 K, about 11 nV/JilL This result suggested the existence of noise

mechanisms that had not been considered in the orig ina l anal ysis . Subsequent

investi gation led to the identification of the buried channe l devices that

comprise the feedback elements Rf and R5 as p robable sources of the unpredicted

noise.

Further tests were conducted on individual transistors , and Figure 18

illustra tes the measured noise performance of a surface channel enhancement mode

device and a buried channel device having identica l W/L ratios and drain currents.
Below 100 kHz the noise in the surface channe l device is dominated by the well-
known 1/f component due to surface states. This component exhibits a dependence

on gate-source voltage that is between VG$
2 and VGS

. The increased at 77 K

results in a lower VGS to achieve the same drain current , and the I/f component
is also obse rved to decr ease.

Burled channel devices exhibit low frequency noise due to generation-

recoinbination centers (typi call y gold) that have a power density spectrum

described by (1 + ~~
2T2

)~~
1 where r is related to trap emission times and is on

the order of a few milliseconds at 300 K. A t  77 K, however, ¶ Is on the orde r

of 10 15 seconds, and, in the absence of other noise sources , onl y the Johnson- -

Nyquist component r (8/3) (kT/9mfl~ should be observed . From Figure 18 we note

that the noise performance at 300 K is as predicted , with the high frequency

noise floor very near the calculated Johnson—Nyquist va l ue. At 77 K, however,

the noise has clearl y increased , indicating the presence of an unaccounted noise

source.

In a pape r on low frequency generation-recombination noise in junction

FET s, Sah19 compared the power spectra of various g—r sources and concluded that ,

although the component due to g-r centers in the gate dep letion region was

dominant at low frequencies, the component due to g— r mechanisms at donor sites

would become appreciable at low temperatures. The solid curves in Figure 19
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were evaluated f rom the data presented by Sah and indicate an increase of six

orders of magnitude in the donor noise power density at 77 K ove r that at 300 K.

(Note that the high frequency ‘ knee” of the power density spectrum is at about

[ 100 MHz at 77 K. For all practical purposes , the noise is white.)

These power density spectra were evaluated on the basis of g-r statistics

in a conducting channel and are quite gene ral. In a later publication , Yau and
Sab computed the effect ive g-r noise resistance at the gate wi th the result

R = 
q2 

(LW; 2) 
F1 (NTT~ ~T’ w) F2 (vG5 ’~ 

V
D)

where I = g:te length,
W = gate width ,

= gate oxide capacitance/unit area,

F
1 

(NIT, 
1

T
’ 

w) — power density spectrum of a particular g—r center, and

• F
2 

(V
~~~5

1

, V

D
) = bias factor.

This allows co~iiparison with the Johnson—Nyquist component for which R9~ 2/3( l/g~).

The requ i red calculations we re performed for the device pa rameters shown in
Figure 18 and determine the vert ical axis in Figure 19 and the relative leve l of
the Johnson-Nyquist component. Due to a number of approx imations , the relative
accuracy is p robabl y no better than an order of magnitude ; however , the agreement
with the experimental data of Figure 19 is quite reasonable. ’ It was concluded
that the g-r noise mechanism due to the onset of donor freeze-out in the buried
channe l devices consittutes the dominant low temperature noise Source in the
preamplifier circuit and is responsib le for the anoma lous performance observed.

* A subsequent l i terature search uncove red two papers describing an identical
mechanism in j unction FETS 5’ 21 that confirms the anal ysis presented here.

56

• - .:•~~~~ 
•
~~~~

-:
~

- 
~~~~~~~ 

~~~~



A processor chip redesign was proposed to eliminate the buried channel

dev ices from the preamplifier circuit so as to achieve the desired performance

goals. Details of the alternat ive approach are presented in a later section

of this report.

B. CDS Tests

The CDS test circuit is identica l to the circuit used in the processor. It
does not include an additional source—followe r buffer stage, and the load

capacitance is at least an order of magnitude large r than in the processor due

to stray capacitances associated with packaging and testing . Operation of the

CDS circuit at 300 K with 250 kHz clamp-and-sample rates is shown in the

sequence of oscil lograp hs in Figure 20. The test signal is a sing le cycle of

a sine waveform , which is triggered in synchronism with the clock waveform.
P The clamp pulse is 50 ns in duration with a 10 v amplitude , while the samp le

pulse is 60 ns in duration with 1. V amplitude .

voltage gain was measured with the samp le switch closed and the reset

switch closed periodicall y to establish the dc bias at the input. A vo l tage gain

of 0.73 was observed . Output noise was measured and found to correspond closel y

to the theoretica l va l ue of 130 iiV rms at 300 K.

C . TDI Tests

The TDI structure was tested at 300 K end determined to be operating very

nearl y as predicted wi th unity voltage gain. The oscillog raphs in Fi gure 21 show

time—delay-and-integration of a rectangular pulse waveform. The resulting

trapezoida l waveforms exhibit a modulo-three pattern due to the 3:1 interleave .

The clock frequency in these photos is about 30 kHz (1480 kHz input sample rate.)
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Figure 20 Operation of the CDS Test Circuit at a 250 kHz Rate
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Further tests we re conducted to eva luate the CTE in the demulti p lexer.

These tests involved clocking in a single si gnal cha rge packet, followed by

a sufficient numbe r of zero packets to ensure that no additional signa l charge

(other than “fat—ze ro”) was entered into the TDI until the test signal was

clocked through the entire structure . Furthe r, the timing of the test si gna l

was adjusted to allow the signa l cha rge packet to p ropagate throug h a pre-

determined number of demu ltiplexe r stages before being transferred into the

summing register. The photographs in Figure 22 show the resulting TDI output

and are labeled to indicate the numbe r of stages trave rsed in the demultiplexe r

before parallel transfer. Eva l uation of the CTE from these data yields a va l ue

of 0.91. for the floating diffusion transfers in the demulti p l exer, as compared

to the expected value of 0.99 at room tempe rature . Furthe r investigation
showed that the barrier lengths in the demultiplexer were 0.3 mil , rathe r than

the desired 0. 7 mil. Recalculation of the CTE expected for 0.3 mil gates results
in a value that corresponds favorably with that observed.

An additional p rob lem area is in evidence in the lowe r photog raph for N = 16
in Figure 22. Poor CTE in the demultip l exer results in an error charge left

in the floating diffusions following the parallel transfe r into the summing

register. This charge is clocked into the last demultiplexer cell when the next

line is entered and results in an erroneous cha rge contribution that is subsequently

transferred into the summing register. This problem can be remedied by adding
an output diode to the demulti plexer which is held at a constant dc bias and acts
as a drain for the extraneous cha rge.

The noise observed at the TDI output is dominated by reset noise on the input
and output nodes and is predicted to be app roximatel y 225 ~v rms at 300 K. The

measured output noise level (on the basis of a sing le spot noise measurement at
50 kHz) is 210 ~ rms, which corresponds favorably with the above.
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D. Multiplexe r Tests

Pre liminary tests performed on the output multiplexe r test structure indicated
a much lowe r CTE than expected. A subsequent recheck of the geometry revealed
that, as in the TDI demultiplexe r, the barrier lengths in the transfe r cell -

adjacent to the floating diffusion were shorter than intended. In addition , the

f ixed  pattern noise component was observed to be more than an order of magnitude
larger than expected . Fi gure 23 shows the response of a typica l device to a

rectangular input pulse applied at the dc restore port. A l l  ac—coup led inputs
we re g rounded. Note that the fixed pattern noise observed on the output waveform
is approx imatel y 200 my peak-to-peak. The voltage gain through the multiplexe r
was measured to be about 0.2, a factor of three smaller than expected , resulting

in an input referred fixed pattern noise amplitude of nearl y I V.

Further anal ysis indicates that the cause of the large fixed pattern noise

component is potential barriers that exist at the edge of a full y implanted

second-level polysil icon gate. The presence of these barriers was confirmed by
tests on dual-gate transistors tha t we re fabricated on a previous IC using the
same pol ysilicon gate process . The barriers are believed to be caused by under—

cutting of the f i rs t—leve l  gates , which results in an extension of the second-
l evel gate beyond the edge of the ion-implanted region. The amount of under-

cutting is not controlled and can be expected to va ry significantly among devices
on any particular chip. This affects the height and width of the resulting barrier

and can result in appreciable diffe rences in the amount of charge transferred

into and out of the storage well in the multiplexe r input circuit. In addition to

the fixed pattern noise , it is believed that the presence of these barriers is
responsible for the reduced gain and the abnormall y hi gh vo l tage tha t must be

applied to the dc restore terminal to cut off charge injection into the receiving
well.
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Figure 23 Multiplexer Operation with Test Si gna l Introduced
at the dc Restore Terminal
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The topology of the multip l exer input circuit is sketched in Fi gure 24(a),

where the location of the barrie rs is indicated by the small arrows. Figures

214(b) through 214(d) illustrated the formation of the si gnal charge packet and

its subsequent transfe r into the multip l exer channel. Note that the barriers —

are directl y involved in both charge packet formation and transfer.

Formation of the signa l charge packet is illustrated furthe r in Figure 25,

which compares idea l input circuit operation with that including the potential

barriers . Figure 25(a) corresponds to near “ful l -wel l”  conditions , where the charge
packet equals the maximum charge capacity of the multip l exer structure. Note that

the fring ing fields between the input gate (IPG--connected to the dc restore

switch is the previous figure) and the input well l ower the effective hei ght of

the barrier . In Figure 25(b) the voltage on IPG has been adjusted to achieve

a “half—well ” condition in the ideal case. However, due to a reduction in fring ing

fields the effective barrier height increases, resulting in substantially more

than “half—wel l ”  charge . Finall y, in Figure 25(c) , the voltage on IPG is suf-
ficient to allow all signa l charge to “sp ill ” back into the input diode (IDD),

resulting in a zero charge packet. The presence of the barrier results in the

formation of a substantial charge packet for this case, and the vol tage on IPG

must be furthe r increased to lower the barrier to the cutoff point , as observed

in the tests.

This phenomenon is summarized in Figure 25(d) , which shows the relation
between the cha rge packet Q and the diffe rence V Ip G~

VWE LL~ 
In the usual operating

reg ime the dependence is linear and has slope equal to the capacitance of the well

electrode , CWELL . The effect of the barrier is to lowe r the slope , resulting
in a lower effective well capaci tance and , therefore, l ower gain through the

multi plexer.
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Figure 24 Multiplexer Input Circuit
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Figure 25 Effect of Potential Barriers in the Multi plexer Input Circuit
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The presence of the barriers was troublesome in other chip designs , and

a process modification was identified (subsequent to p rocessing the silicon

processor chips) that eliminates the prob lem.

* Figu re 26 illustrates the response of the multi p l exer to a triangula r test

wave fo rm applied at the dc restore port. The fixed pattern noise is approximatel y

500 mV peak—to—peak , half due to barrier-induced leve l variations (as in Figure 23)

and half due to a slope on each 24—sample output burst caused by the low CTE .

E. Processor Bar Tests

Although serious problems exist in the preamplifier and multiple xer designs ,

testing of a complete processor bar was accomplished to confirm prope r inter-

connection of the components. Prelimin ary tests of the processor bar were

accomplished by testing individua l components, using operating parameters

determined during evaluation of the test structures , then optimizing those

parameters for overall p rocessor operation.

The multiplexe r was first adjusted for p roper operation by appl ying a

test waveform at the v termina l and a control pulse at the restore termina l
res tore

such that the dc—restore circuit operated as a samp le-and-hold driving the

multiplexe r input gate. Next , the TDI circuit was adjusted for prope r operation
by app ly ing a test signal at the V lamp terminal of the CDS circuit and monitoring
the TDI output with a microp robe at the output source-follower. The CDS c ircuit
thus double-sampled the test wavefor m, which was then applied to the demultiplexer
input gate. A typ ical output waveform is shown in Fi gure 27, illustrating prope r

operation of the CDS and TDI circuitry . The V restore termina l was then connected

directl y to a dc power supp l y, and the restore pulse was furnished once every

200 samples to perform the dc—restore function at the multiplexe r input. After

a minor timing problem was so lved , proper operation of the combined CDS , TDI ,
and MUX c i rcui t ry  was observed , as i l lus t ra ted in the sequence of photos in
Figure 28.
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Figure 26 Multi plexer Response to a Triangular Test
Waveform Applied at the dc-Restore Port
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Figure 27 Operation of CDS and TDI Circuits
on the Processor Chip
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Figu re 28 Operation of the CDS , TDI . and MUX Circuits
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Operation of a sing le channe l through a p reamp lifier input has been observed,
- but the large fixed pattern noise at the multip l exer makes it very difficult to

discern a sing le operating channel.

Due to the serious p rob l em observed in the p reamplifier and multiplexer and ,

to a lesser extent , in the TDI, it was appa rent that a p rocessor redesign was

required to meet the performance goals discussed in Section II of this report. -
The problem areas discussed in this section were believed to be well understood,

and alternatives were identified and ana l yzed. Details related to the redesign

of each circuit are described in Section V.
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SECTION V

PROCESSOR REDESIGN

The main p roblem areas discussed in the previous section that were

addressed in the redesign are:

(1) Replacement of buried channel feedback devices in the preamp lifier

(2) Extension of barr ier lengths in TDI demulti plexe r

(3) Addition of output diode drain circuit to TDI demultiplexe r

(1.) Extension of barrier lengths in multiplexer

(5) Elimination of potential barriers in the multiplexe r input circuits.

It was anticipated that the barrier prob l em would be corrected with the new

process modification mentioned in Section IV. Plans also included adding a

serial fat zero input circuit to the multip lexer structure to improve CTE.

Details of the redesign of each circuit are presented in this section . In

each case th’e redesi gn was accomplished with minima l modification to the existing

structure , and no modification s in the interconnections were required.

A. Preamplifier Redesign

The low noise preamplifier was completel y redesi gned to eliminate the buried

channel feedback devices and to exploit imp roved device parameters at 77 K. A
schematic diagram of the new circuit is shown in Figure 29. The feedback devices

have been realized with pol ysilicon thin film resistors. The fi rst pol ysilicon

leve l exhibits a sheet resistance of approx imatel y 65 ç~/square and is doped by

a phosphorus implant wi th a resulting donor density in excess of l0
20/cm3. At

this density barrier effects at grain boundaries are negli gible , and the prop— *

erties of the thin film should approx imate those of single crystalline material

with a l ower mobility caused by the additiona l scattering due to defects.22

In addition , the large donor density should result in reduced temperature

dependence of resistivity due to impurity scattering .23
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The va l ue of the feedback resistors has been reduced to min imize their

contribution to Johnson noise. The source-followe r stage is now used as an

output buffe r to provide a low output impedance for operation of the CDS
circuit. (Subsequent simulation ind icated that the previous design was

ma rginal in this regard .) It was necessary to reapportion the power budget

to accommodate these design changes; it is believed tha t the powe r dissipation -

noise performance trade-off comp rehended in this desi gn results in nearly optima l
performance .

SPICE simulation of the new cirucit using 77 K device parameters indicates
.1.

a predicted input referred noise leve l of 2.9 nV/Hz2, power dissip ation of 4.1 mW,

voltage gain of 140, and a small signa l bandwidth of 14.3 MHz . The new pre-
amplifier was designed to directly replace the previous structure with no changes

to the existing interconnections. Figure 30 is a photomicrog raph of the completed
bar showing the new preamplifier confi guration . The CDS circuit was not changed,
although the geometry of the clamp capacitor was modified slightl y.

B. TDI Modification

Fi gure 31 shows the modified TDI structure on the new p rocessor chip. The

barriers adjacent to the floating diffusion stages have been extended to the
desired 0.7 mi l length. The location of the demultip lexer output diode is
indicated in the figure. To avoid additiona l interconnections and an extra

bond pad, the output diode is connected to the TDI source-followe r VOD line.

C. Multiplexe r Modifications

Fi gure 32 shows the modified multipl exer structure. Comparison with Figure 15

in Section III shows that the second-level gates have been extended to achieve

the desired barrier length.
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Figure 33 is a photomicrograph of the entire processor bar. The serial -

fat zero circuit added to the multiplexer can be seen in the upper—center -

portion of the photo. Figure 34 shows the test bar which was reconfigured by -
deleting the dua l -channel processor test structure and rearrang ing the 

-

individual componen t test structures to allow their interconnection to form a

complete p rocessor channel. A separate preamplifier test circuit is included

that allows bonding of input transistors having W/L ratios of 100, 150, and

200. In addition , this test structure includes separate bond pads for each

VDD connection , thus allowing externa l measurement of the current in each 
-

stage .

The results of the tests performed on the new devices are presented in

Section VI.

‘I
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SECTION VI

EVALUATION OF REDES IGNED COMPONENTS

A. Preamplifier Evaluation

Room temperature tests indicate excellent agreement with 300 K SPICE

simulations. Preamp lifier gain is approximately 30 with a 1.5 MHz bandwidth

and an input referred noise leve l of about 10 nV HZ+. The low voltage gain is

due to the additional output buffe r stage used in the test circuit to drive the

high capacitance load associated with packaging and testing . Circuit performance

at 77 K is considerabl y below SPICE prediction , however. Although the voltage

gain is maintained (indicating good tracking of the pol ysilicon feedback

resistors), a -3 dB bandwidth of 2 MHZ and input referred noise l evel of

5nV/Hz~ have been measured , compared with predicted va l ues of 14.2 MHz and 2.9

nV//Hz2, respective l y. Voltage gain and input referred noise leve l are p lotted

as functions of frequency in Figure 35.

Further tests were conducted using the additiona l p reamp test structure which

included separate VDD bond pads for independent measurement of stage bias currents.

These tests indicated a severe decrease in the dc bias current in the two inverter

stages at 77 K. Measured va l ues were abou t 5 ~A in each stage , as compared with

design va l ues of 50 ~A. An orde r of magnitude decrease in the bias current in~
the first stage results in an increase of abou t 1.8 in the Johnson noise l evel of

the input transistor and accounts for the degraded noise performance. Subsequent

tests indicated tha t the conductance of the depletion load devices was a factor

of 3 to 14 lower than expected (nearly equal to room temperature va l ues), which

results in the lower bandwidth observed.

Additional tests were perfoi~med on individua l dep letion mode test transistors

and revealed the existence of freeze—ou t effects similar to those observed in the

buried channel devices. Enhancement mode transistors do not exhibit freeze-out
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effects because of the strong depletion fields that exist near the surface.

Any mobile holes in this region are swept into the bulk , the refore maintaining

full ion ization of the acceptor sites in the region of the conducting channel.

The effect of the depletion imp l ant is to introduce a sheet of donor atoms

near the semiconductor—oxide interface . Since the dep letion fields act to

confine mobile electrons near the interface , the imp lanted donors are subject

to freeze-out effects . Figure 36 is a p lot of (ID)~ 
vs gate-source voltage

measured at 300 K and 77 K for a depletion transistor having a W/L ratio similar

to that of the load devices in the preamp. Also shown in the figure is the

dependence predicted by SPICE for 77 K operation. (SPICE prediction s at 300 K

are in excellent ag reement with the measured data and are not presented

separately.) Ideall y, the dependence should be linea r, having a slope pro—

portiona l to the effective surface mobility 
~~ 

and a y-intercept equa l to the

threshold vol tage of approximatel y -3.5 V.

The 77 K data, however, are clearl y nonidea l and are characterized by a knee

in the dependence that occurs at sli ghtly positive gate-source vol tages. Although

the threshold shift is larger than predicted , this is not the dominant discrepancy.

At low drain currents the effective surface mobility is approximatel y equa l to that

observed at room temperature , whereas SPICE predicts an increase in p.5 by a factor

of 3 at 77 K due to its T 3”2 temperature dependence. Since VGS 
= 0 for the

depletion loads in the p reamp, the measured drain current in this test is a
P factor of 10 lower than predicted by SPICE. Back—gate bias effects are observed

to push the knee toward lower values of

A detailed ana l ysis of freeze—ou t effects in depletion mode transistors has

been performe d and appears in Appendix B. A brief explanation of the effect is

summarized in the following:
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Figure 36 Measured and Predicted Performance of a Depletion Mode Transistor
Showing the Effects of Donor Freezeout
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• At the onset of conduction (VGS VT) the channel is depleted of

electrons due to source and drain dep letion regions , and all implanted donors

are ionized. Thus, the threshold voltage is , to first order , unaffected by

low temperature operation (except for an expected shift due to the temperature

dependence of the bulk Fermi l evel).

• As additional charge is added to the gate electrode , an image charge

is induced at the semiconductor-oxide interface . This charge is furnished by

the source diffusion , and in enhancement devices it consists solel y of mobile

electrons , resulting in drain current. In the dep letion device , however , a

portion of this charge becomes bound to previousl y ionized donor atoms. The

rest of the charge contributes to the drain current. The exact ratio between

bound and mobile charge depends on the relative positions of the donor l evel

and the electron quasi-Fe rmi l evel in the semiconductor energy gap. The overall

result , however, is a gate vol tage dependence of the threshold voltage which

can be modelled as a lower effective surface mobility.

• At some large r value of the gate voltage , the imp lant in the vicinity

of the surface charge sheet will be completely frozen out, and furthe r increases

in gate charge will result in an equa l increase in mobile surface charge and ,

therefore, in the drain current. All furthe r increases in gate vol tage result

in increases in drain current consistent with the expected va l ue of the mobility;

thus , the of the device will increase to its expected va l ue. Extrapolation

of this portion of the (i0~~ vs VGS curve results in a second “threshold vol tage”

which is indicative of the extent to which the dep letion implant is frozen out.

The calculations in Appendix B show that nearly 80% of the charge in the

dep letion implant is frozen out at high gate—source voltages.
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This mechanism imposes a severe restriction on the app licability of

- 

- 

conventiona l analog MOS circuits to low temperature operation . The effect

was completely unexpected (although, in retrospect , the earl ier measurements

on buried channel devices were indicative) , and , to our knowled ge, this is 
U

the first time such a mechanism has been observed in MOS devices.

B. CDS Tests

Althoug h the CDS circuit was not redesi gned , it was tested again during

this eva l uation to more ca refull y document its performance . The CDS circuit

was tested at 100 kHz clock rate to minimize the effects of reduced bandwidth

in the second source—followe r stage due to heavy capacitive loading by the test

equi pment. Fi gure 37 illustrates the noise performance measured at room

temperature at the CDS output node. The lower curve was obtained by closing

the clamp and samp le switches and corresponds to the quadrature sum of the 1/f

and Johnson noise components of the source-followe r stages. The upper curves

rep resent the theoretical and measured output noise l evels in norma l operation .

The diffe rence between theoretical and measured l evels is though t to be partiall y

due to aliasing of the Johnson noise generated in the clamp buffe r stage. This

- - stage has a predicted bandwidth of approx imatel y 10 MHz at room temperature ,

resulting in an aliased noise component of approx imately 1400 nV/v4i~ in the Nyquist
- 

I interval. This va l ue is within experimental l imits of the excess noise component

observed. The voltage gain of the CDS circuit was approximatel y 0.8.

Proper operation of the circuit was observed at 77 K, and spot noise ‘

measurements confirm the expected noise performance. Since the dep letion load

devices are externall y biased , the freeze—out effect does not compromise circuit
performance. -

- I I  
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C. TOl TeStS

The TDI test structure was observed to be operating properly, as indicated

in the oscillog raph in Figure 38, which demonstrate the familiar staircase

waveform obtained obtained by time-delay-and-integrating a rectangular pulse.

The CTE of the floating diffusions is of prime concern and was measured using

two techniques. Figure 39(a) shows the response of the TOl to an input pulse

that has been p roperl y synchron ized with the timing circuitry such tha t the

signa l cha rge packet experiences 10 (top trace) and 15 (bottom trace) floating

diffusion transfers. The trailing pulse that emerges three clock cycles later

is due to CTE effects , and a value of 0. 99 is calculated from

CTE = - ~ ,~ 
11/n

L m-i-3

where Vm is the TDI output pulse due to n floating 
diffusion transfers.

Figure 39(b) shows an equivalen t , but more accurate , approach in which a

16—unit pulse train is applied to the TDI input. The 16 pulses are suitabl y

synchron ized such tha t they all sum into a single TDI reg ister signal packet.

Again , the smaller si gnal emerg ing three clock cycles after the main si gna l

pulse is due to CTE effects. In this case the CTE is dete rmined from

- 

1 V 3 n~1 (CTE) 
n

V = 16 ( 1 — CTE)~n=l

with a resulting va l ue of 0.99, in agreement with the previous measurenien~, and

corresponding to a 6X reduction in cha rge transfe r in~fficiency as compared to

the initial design .
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Figure 38 Time Delay and Integration of a Rectangular Pulse
(Vert: 0.5 V/div; Horiz : 0.1 ms/div )
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Figure 39(a) TDI Response Due to a Single Charge Packet
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Figu re 39(b) 101 Response Due to a 16-Unit Pulse Train
(Horiz 0.1 ms/div)
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Operation of the new output diode in the demultlp lexer was checked by
inhibiting the clock pulse applied to the parallel transfer gate. In the

previous design this resulted in “flooding” the demultip lexer channel and
eventual spill ing of charge over the pa rallel transfer gate and Into the sum-

ming register. No charge spilling is observed in the present structure,

indicating proper draining of the charge in the demultip l exer channel by the

output diode .

Noise measurements at the TDI output indicate considerably highe r noise
• l evels than predicted . Previous cal culation of the noise performance of the

TDI indicated that it should be dominated by kTC noise, resulting in a wideband

output noIse level of less than 100 ~V rms. However , these calculations

neglected the floating diffusion “bucket—brigade ” type transfer as a potential

noise source. An analysis of the bucket brigade transfer mechanism shows that

the variance in the numbe r of charges transferred at each transfer is24

= kTC~0/q
2 

,

where CFD is the capacitance of the floating diffusion . The va l ue of CFD Is
cal culated to be 0.069 pF from geometrica l considerations, resulting in 106

noise electrons per transfe r at room temperature . Since each consecutive charge

packet contributing to a single TDX output charge packet experiences an additiona l

transfe r through a float ing di ffus ion, the resulting variance on the output
charge packet is

~~

2
out - (~

2
) [l+2+3÷...l6] - 136 (~

2
>

Since adjacent charge packets In the shift register are Separated by two interleaved

packe ts In the TDI register, a strong correlation will exist between charge packets
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Q and Q 3, resulting in peaks in the noise spectra l density at odd multi ples
off /6.clock

The expression for the single-sided noise spectra l density as measured at

the TDI output is

S(f) 
~~

_. ()2 
<
~

2
out~ 

(1 — cos6TTf/f ) ,

where f is the TDI register clock rate and is the value of the output
node capacitance. The sinx/x aperture function of the sample—and—hold output
has been neglected. Inserting the appropriate numerica l va l ues (Cout = 0.7
pF, 

~ 
= 92.5 kIlz) yields

S(f) 1.73 x lO~~
2 
(1 — cos6nf/f )

Figure 40 compares the noise spectrum measured at the ID! output for norma l
operation at room temperature with the exp ression above, and also shows the output
circuit kTC noi se level which was measured by disabling the TO! input circuit.
The correspondence between theory and experiment is very good, and the bucket
brigade transfer noise is positive l y identified by its uni que spectra l density
function .

D. Multiplexer Tests

Operation of the redesigned 24-channe l multiplexe r at room temperature Is
demonstrated in the oscillograph of Figure 41 (a), where a triangular test
signa l is app lied at ac—coup led input numbe r 13. Dc restorat~on was performed
every 200 input cycles. Vol tage gain through the structure is 0.14, which i s
still foL~r times smaller than expected. Figure 41(b) is an expanded view of the
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Figure 41 (a) Multiplexer Response Si gna l at Input # 13
Horiz: 0. 2 ms/div
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• Output
• 100 mV/div

I
Transfer Pulse
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Figure 41(b) Multiplexer Response Detail
Horiz: 5 its/div
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output waveform Illustrating the fixed pattern noise performance. Except for

a large transient induced by the parallel transfer pulse (believed to be spurious

coupling in the experimental set-up), the fixed pattern variations are within an

input referred range of ± 100 mV . This is a dramatic imp rovement over the

performance of the previous structure , but at least a factor of two larger than

expected on the basis of worst-case threshold vol tage variations. It appears

that the potential barriers mentioned in the p revious section have been reduced

measurably, but not elimina ted.

As in the TDI, the primary therma l noise source In the multiplexe r is due

to the bucket brigade transfers in the floating diffusion cells. CTE in the

multiplexe r has been improved substantially and is slightl y better than observed

In the TO!. The CTE was measured using the serial Input circuit added In the

redesign and was found to be approximate l y 0.994 at room temperature . This

val ue is in good correspondence with previous calculations and should result in

less than 1% crosstalk at 77 K.

The mul tiplexer structure has not been tested at low temperatures, al though
operation of the output buffer amplifier is expected to be degraded due to the use

of fixed bias depletion mode l oad devices.

E. Processor Tests

• Although eval uation of the processor chip has not been performed, pre l iminary

evaluation of a single processor channe l at 300 K has been accomplished by

interconnecting the individu a l p reamplifier , CDS , and TDI test structures on a
test chip. These tests were performed to establish a baseline level of performance

from which processor capabilities can be assessed.
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The input waveform for these tests was generated with an external clamp!

sample circuit to provide a reference l eve l for the CDS clamp operation . This

circuit utilized the reset and injection pulse waveforms generated in the

processor timing circuit described in Appendix A. Although the test structures

utilized were on the same chip, they were externall y interconnected using

coaxial cables, and the input sample rate was reduced to lL~8 kHz to accofiTnodate

the large parasitic l oad capacitances.

FIgure 42(a) shows the input signa l and COS and TO! output waveforms
corresponding to the maximum signal amplitude for linea r operation of the ID!.

The vol tage gain through the preamplifier and CDS circuit s is approxima tel y 10

due to the extra source—follower in the preamp lifier test structure and the high

bias levels in the CDS source—followers required to obtain sufficient bandwidth.

The dc reference l evel in the input waveform is coincident with the top horizontal

line on the oscilloscope graticule.

Figure 42(b) shows the CDS and TDI output waveforms when the test signal

is reduced in amp litude by 40 dB. The appearance of the TDI output waveform

Is due to droop in the sample—and—hold circuit connected to the ID! output in

order to reduce clock feedthrough noise. This effect is shown in the expanded

portion of the ID! output waveform. The wideband noise measured at the ID!

output is approx imately 520 tV rms and is generated within the TD! structure

(confirmed by shorting the TO! input to ground). The primary noise component

Is due to the bucke t b rigade t ransf er mechanism di scussed earl ie r, as was
evidenced by observation of the cha racteri stic noise spectral density function .

The resulting dynamic range observed in the TO! is 65 dB (peak signa l to rms

noise). The wideband noise measured at the CDS output is 430 1tV rms and is

primari l y due to aliasing of Johnson noise components in the preamplifier and

CDS circuits.

96



TI
~ ~~~~~~~~~ 

. - 

~~~~~~~~~~~~~~~ 

• -. 
.-- ,.—--- -— • ,- ,———-—--,-- . .-—-• • - •—---

~~

.-. - •-. ..--

Inpu t Signa l
50 mV/div

CDS Output
500 mV/div

TO! Output
500 mV/div

Figure 42(a) Single Channel Test Circuit Response
f = 148 kHz, Horiz: 2 ms/div

S

CDS Output
20 mV/div
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Figu re 42(b) Test Circuit Response -40 dB
Horiz: 2 ma/div , 100 ~s/div
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Although the noise performance of the processor channe l test circuit is

dominated by transfer noise generated In the ID! demultiplexe r, the dominant

noise sources in operation of the processor chip are in the output multip l exer.

The capacitance of the floating diffusion cells in the multiplexe r is cal culated

to be approximately 0.625 pF. The calculated transfer noise at the multip l exer

output node is 450 1.tV rms at 77 K. Due to the extremel y low vol tage gain in

the multiplexe r, the transfe r noise component dominates all other thermal noise

sources in the p rocessor by nearly two orders of magnitude .

The mechan ism responsible for the low voltage gain in the multiplexer

has not been isolated . Since the fixed pattern noise has been substantially

reduced, it is believed that the remaining potential barriers are not of
sufficient amplitude to cause the effect. Successful operation of previous

CCD multiplexers suggests that the mechanism may be due to a peculiarity of the

phase-multiplexed design that has not yet been comprehended.
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SECTION VI!

CONCLUSIONS

The approach taken to the design of the silicon processor chip involved

the direct application of conventiona l ana l og MOS and CCD circuit techniques

that had been p reviousl y applied in a number of successful p rograms executed

at Texas Instrument~. The success of the previous prog rams is primaril y due

to the establ shment of an experimental data base relating p rocessing and

device parameters, which results in accurate risk assessment and a generall y

high level of confidence in new circuit designs. The disappointing results

of this p rogram are due , in part , to an inadequate understanding of this key

concept. The prog ram can be considered a success, however, in that it has

resulted in the extension of the data base to include operation at 77 K. The

risks associated with subsequent p rograms of ~ similar nature have been sub-

stantially reduced.

It is now apparent that l ow—risk MOS circuits for near—term cryogenic

applications must incorporate enhancement mode, surface channel transistors

exclusivel y. Furthe r anal ysis of device behavior at low temperatures may result

in the discove ry of optima l imp lant profiles that are less sensitive to freeze-
• out effects, but this is qu i te beyond the scope of present efforts.

The neglect of the transfe r noise component in the floating diffusion cells

Is potentially the easiest problem to correct. Full CCD implementation of the

ID! demu l tiplexer will require higher clock rates and the potential for increased

• clock— to—signa l crosstalk. The overall risk to processor performance is cer-

tainly lower than in the present configuration .

Impl ementation of the multi plexe r with CCDs requires fanning the signal

lines into the multiple input circuits. The concerns here include capacitive
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balancing of the signa l lines and clock crosstalk. Risk assessment in this

case is not so straig htfo rward, but better thermal noise performance is virtuall y

guaranteed. Fixed ~,attern noise components in CCD mult ip l exers have been

p roblematic to designers for years. The realities of tactica l FU R applications

dictate an eventua l analog—to-di gital interface and raise the possibility of

removing fixed pattern variations in the di gita l processor. The main requirement

is that the fixed pattern offsets be sufficientl y small--say, a few percent

of the peak signal--so that the fixed word-length p rocessor accuracy will not be
degraded when the scene contrast is low.

In summary, although unexpected problem areas have been encountered , it is

believed that l ow-risk alternatives can be deve l oped. The results of this program

indicate that, although furthe r work is unquestionably required , ana l og NMOS/CCD

circuits are the best candidates for on-focal plane signa l p rocessors with MIS
detectors.

L
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APPENDIX A
- PROCESSOR TIMING CIRCUIT

d

Schematic diagrams for the circuits designed to provide the necessary

clock waveforms for the processor chip appear in Figures A-I through A-3.

The circuits were constructed using standa rd III components and utilized

SN 75361 TIL/MOS converters to provide the high-level waveforms. The master

clock waveforms (MC and ~
) were obtained from the Q and ~ outputs of a J-K

flip—flop , which is togg led at twice the desired clock rate with an external

pulse generator.

The circuit In Figure A— l generates the detector control , CDS, and high

speed ID! clock pulses. Detector control and CDS clock pulses are derived

combi natorily with a modulo 6 counter running at the master clock rate. The

frequency of the MC waveform is 6X the desired operating rate, or about 9 MHz.

The ID! demulti plexer input diode and two-phase clock waveforms are simila rl y

generated. The ID! parallel transfer pulse , ~TS
TDI

, is enabled from the decoded

output of a modulo 16 counter in Figure A-2. The resulting waveforms are

sketched in Figure A—4. The 015
T0J pulse occurs at a low duty cycle and is included

in the figure to illustrate its relative timing.

The circuit shown in Figure A-2 generates the slower ID! clock and multip l exer

input diode waveforms. A four—bit synchronous counter is clocked at MC/6 and is

decoded by a 4-16 decoder to generate the desired sequence of pulses , which are

then realigned with the MC waveform to eliminate diffe rences in p ropagation delay.

The circuit in Figure A-3 generates the remaining multiplexe r waveforms using

a modulo 8 counte r running at the master clock rate. The relative timing of the

ID! and multi p l exer clocks is illustrated in Figure A—5 .

-

~~~~~ ~~~~ 

-.  ~~~~~~~~~ -q~~~~~~
—- 

1: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



• 
- : ~

-

~~~

S I [

c i

’ 

-
i 

t
~~~~

t
~~~

i 

~

I —- — — -~~ -j 1~ ~__ r  
I

-~~~
_--  

~~~~~~~~~~~~~~~~~~~~ 
i~ f

- [~1i! 
t±L~ 1I~~iL

~~~
ift_l 

~~~~~ 1 I 
(A-. 

~Li.] L
J~
\ ‘—j I 

~
I 

~~~~~~~~~ 
-. ! 

~~~~~ 
[ __ 1 -

I ‘~-~ ~ I I I
-- 

I 

4 --
I I 

_ _ _

~~~~~~~~~ 

- ~.4 .
-

~~ ~—---1 ç 1

i 

_______

I f l  -. 1-- i F1f~H $ — - —  A A H ’  - 

I Ii LI A

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

A

- 

~
—‘I’I’/ ’-- —f ( Ii.  

(c-

102

— - ---- --- - 
- •  • .~~~~;

_ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~



I
E IG~L

-- _ _

.

~~~~~~

_  
_ 

_  
I

U U 
~~~~~~~~~~~ 

I,
• . . - ~~~~ - “ ~~~~ - - U O u  -

-

_



- - -  

~~~ .. “ - - -~~~~-- - - - - , - -~~~~ , : . -•~
-
~~
i=’_.___•___

~

___
~~

_______________ _ •__ — - 
~~~

-

~
-,----

~

,—- 
-

_ 
H

* _

[g s~~ I ____ 
.___IJ ~~~~__p r:~ 

--.

J
~

I
~ i~~~_ 

_

J J T

?41~
i -

ii 
Ti 

~~~~~~~~~~~~~~~~ -~~~—--~~~ --- -_ -~ ~
_ _

‘
_ - ; _ _

_

~~~~~
-.- _~ _ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _ _ _ _ _ _ _  - 
-

I

t - 
-~- 

- 

-

• 

-

- ~~~~~~~~ Lfl~flJiJi~rLn..J .i LT Lfl.SL.

__ - - -  —~~~—---—__~
_ .~~~rL.•~ _ _ .

_ _ _  _ _  - ~~~~~~~~~~~~~~~~~~~~ —-—•—— ---•  . • - -

~~~~~~~~~~

-— 

~~( ~- 

- - 
. -~ ...,..

~ 
I—s—— — 

~~~~ \ ~~~~~~~~~

_ _ . ._1T_ 1 J j  - 
~~~~~~~~~~~JT 

~~~~~~

_ _ _ _ _ _ _ _ _  ___ ___ 
- —- — / /

- ~~~~~~~ I Li 
-

I 1 T1’1

I1_ t 
L_ • •~ - ... .. 

[ 1__ ~~
-

S 

_ • -  - . • -. - — - — - • - -. _

~~~~~~~~~~~~~~~~~~
-——--

~~~~~~

— -
~~•-.

Figure A—4

105

H ~~~~~~~~~~~~~~~ . • • • ~~~~ .~. ,_________________



• —-— - -
~

--
~~~

-

-
-
I 

- I . ‘- 
••l(H

1
~~

L L

i J *  

H

- 

‘a’ 
- 

•



r 
‘— —--- - - - -  

. 
~~~~~~~~~~~~~~~~~ 

-V- — - -- - ~~~~~~~~~ - -

H

APPENDIX B

LevI TEMPERATURE EFFECTS IN SURFACE CHANNEL
- 

DEPLETION MODE 1105 TRANSISTOR

I . 
-

I 
__________________ 

_____



.- —.--;
~ ‘

_•-_- _——-—---- —_- --- -_ ——_______

APPENDIX B
LOW TEMPERATURE EFFECTS IN SURFACE CHANNEL

DEPLETION MODE MOS TRANSISTOR

The electric field in the surface depletion region of an enhancement mode
MOS transistor maintains ionization of the substrate Impurity atoms even when -

-~ 
- the bulk is frozen out. Thus, cryogenic application of enhancement mode MOS

transistors is possible , and improved device performance is observed due to the

temperature dependence of the mobility. Depletion mode MOS transistors can be

fabricated by introducing a region of the opposite conductivity type near the

semiconductor surface by Ion implantation . The electric field in the surface

depletion region confines the majority carriers in the implanted region near

the surface, resulting in neutralization of the implanted impurities at low

temperatures (freeze out). This causes a reduction in the fixed charge density

in the channel and shifts the threshold voltage toward enhancement mode values ,

thereby reducing the drain current.

The 1105 transistors fabricated in the silicon processor circuitry are

n—channel units employing n+ source and drain diffusions In a p—type substrate.

Depletion mode devices are realized by Introducing a thin n—type region in the

channel by Ion implantation . The ionized donor sites are positively charged

• 
and result in a negative threshold voltage of -3.5 to -4 volts at room temperature.

• The extent to which the Ionized donor density freezes out is determined

by the proximity of the electron quasi—Fermi leve l , Efn, to the donor level , ED.
The ionized donor dens ity Is g iven by 

-

+ — 
ND

(x)
ND 

(,C , Ef~) — 1 + 2 expj— (E0 - Ef~
)] ‘ ( )

where ND(x) describes the implant profile normal to the semiconductor surface

(the x—direction). 

:.
_
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The charge distribution In the semiconductor can be determined from Poisson ’s

equation:

= kTe5 
(n - p + NA - N0~I (2)

= 

2LD
2 (exp(U - - U~) - exp(UF - u) + NA7ni -

where U is the electrostatic potential and UF is the bulk Fermi level , both

relative to the bulk intrinsic level and in units of kT/q. NA and N0
’ are the

ionized acceptor and donor densities , respectively, and is the in tr insic
Debye length. EquatIon (1) can be written in terms of U, ~~~, and UF by observing
that

E~~
_ E

ffl = E g
/ 2_ E ~~_ (U _

~~~
_ U

~) ‘

where Eg is the semiconductor energy gap and Ed is the donor level measured with
respect to the conduction band edge. Thus ,

H N (x)
N0~ (x ,U,~) 1 + 2 exp(U - - up.) exp[(Ed — Eg/2)/kT] 

. (4)

EquatIon (4) is substituted Into Equation (2), which can be solved numerically.

The boundary conditions are

U = U 5 a t x = O , U =
~~~~

= O a t x = c o  , (5)

where U~ Is the surface potential that is related to the gate voltage, VG. by

- 
- Q5 (u ,)

~ii _~~~~~1j,‘G ,IU
S Cox
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and Q~ is the total charge in the semiconductor given by

= 2qn~ LD(dU/dx)X O  . (~~

ND (x) was obtained by fitting a curve to the experimentally measured “as—
processed” implant profile. The electrostatic potential , U(x), the electron
density , n(x,~), and the ionized donor density ND

+(x) resulting from solution
of Equation (2) with ~ = 0 are plotted in Figures 8—1 , B-2, and B—3 with surface
potential U~ = U(O) as parameter. The metallurgical junction (ND(x) = NA) is
located at x = 0.27 un. For Us < 160 kT/q the peak in the electron density is
located in the semiconductor corresponding with the minimum in the potential ,

• U(x), due to the Implant. The reduction in ND~
(x) also corresponds with the

minima of U(x), since these are regions of closest proximity of the donor level
and the quasi-Fermi level . 

-

Al though a “flat—band” condition never strictly exists, a pseudo flat—band
condit ion occurs for U~ ...~ 159 kT for which [~U/~x] = 0. For values os U5
> 160 kT, the maxima of U(x,~) occur at the oxide-semiconductor interface.

Further increase in U5 resul ts In formation of a surface charge sheet and litt le
additional change in ND

’(x). This point is illustrated in Figure 8—4, which
shows the Integrated implant and electron densities (Q and ~~ respectively)
as functions of the surface potential. These data were obtained by numer ical
integration of the data in the previous figures. It can be seen that for

U~ > 160 kT/q, Q1 Is approximately constant and equal to about 22% of the
implanted charge.

S
• As applied to the operation of a depletion mode transistor, the data

in Figure B-4 are strictly valid only at the source , where ~ = 0. The overall
Impact on dev ice performance can, however, be deduced . We consider only

opera tion in the satura tion region , since this Is the typical mode of operation

of a depletion load device. The satu ration condition occurs when sufficiently

• 109

U ~~~~~~ ~~~ - - — -  -



170

160 —

150 — —

0~
I—
~~~i4o —

x

130 —

• 120 — —

110 I I I I
0 0.02 O.0~4- 0.06 0.08 0.10 0. 2

x (~m)

Figure B-I Electrostatic Potential as a Function of x Near the Semi-
conductor Surface for ~ 0

110

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
- 

____



1019

— I I I I I —

1018

4 —

— /

- i  

lO~~~ 
—

165

160

1016 —

— 55 —

— 0 —

— 

45 
- 

—

1 40
l0~~ —

135

-* 30 =
25 —

4•.

lO~~
• - 

0.02 0.04 0.06 0.08 0.10 0.12

x (i.&m)

Figure 8—2 Electron Density as a Function of x for ~ = 0
I l l  

_____



• I I I I I I

120

— 
140 130 

—

155 150
160

io lG 
—

= 165 —

—

‘C
+

—z

lo ’~ —

lO~ —

= I I I I I =
0.02 0.04 0.06 0.08 0.10 0 .12 0.14

x (~m)
Fi gure ~-3 Ion ized Implanted Donor Density as a Function of x for ~ = 0

• 1 1 2

- - ~~~~~~~~~~~~~~~~~~ . _— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~f~~ 
_ i-~~~~~~ -

± I



x l O  —

6 —  Q

E
U

cr 4
C,

: 1  2 —

0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

120 130 1 0 - 150 160 170
U

55 
(kT/q)

Figure B-k Integrated Ionized Donor Density (Qi) and Electron
Density (Q~) as 

a Function of the Surface Potential
at the Source

j

113

-~~~~~~~~ —__— ---- --— 
—

—-_ - 
‘
------- -- -  - — — ----S--  _~Ht_~~ ~~~~~



large drain—source voltages are applied to cause extension of the drain depletion
reg ion into the conducting channel.

Electron densities In the depl etion region are small , end charge transport
is maintained by a diffusion current component due to a large charge grad ient.

In add it ion , the depletion region maintains nearly complete ionization of the

depletion implant in this region similar to the effect of the surface depletion

field in the case of enhancement mode devices.

In the gradua l channel approximation only the drift component of the

drain current is considered . The analysis Is truncated near the drain at a

channel potential Vsat < V
~,ain~ 

where V5~t 
is approximated as the potential for

which the electron density vanishes and Is given by

Vsat = VG ’ - ~~~ + K2 (1 - I + 2vG ’/K2) , (8)

- 

- 
where

‘a ~‘G = V G~~~
VT

2 2K =~~e$ N~/C~~

V1 is the threshold voltage and is the surface potential at the source .

For small gate voltages (near v1) Figure 8-4 shows that the depletion im-
• plan t is almost completely ionized at the source. Since Vsat is also small ,

similar conditions exist near the drain and the observed value of V1 should
correspond closely with the fully ionized implant density.

Increasing the gate vol tage resul ts in a reduction of Q1 at the source.
However, V5~t is sti ll small and the donors in the drain reg ion rema in sub-
stantially Ionized. Thus , Q1 is “averaged” over the channel resul ting in a
positive shift in VT with gate voltage.

714
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When large gate voltages are applied , formation of the charge sheet at the
source results in a “screening” effect which Inhibits further reduction in Q1.
However , the larger values of Vsat cause the electron distribution in the drain
region to be shifted toward the oxide-semiconductor interface where the imp lant

H densities are largest. Thus, Q
1 
can be subs tan ti a l l y reduced near the dra in ,

although the drain deplet ion region is completely ionized. This mechanism
Involves the formation of a charge sheet , similar to that at the source, and VT
is expected to approach a constant value corresponding to the minimum value of
Q1 In Figure B-k.

The threshold shift which should be observed at large gate vol tages is
calculated from Figure B-k to be 2.4 V, in good agreement wi th Figure 36 of
Section VI, which shows a 2.2 V shift between the theoretica l value and that
measured at 77 K.
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