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PREFACE

This document is the Final Report for Contract NAS 5-21806, entitled
Breadboard Linear Array Imager Program., The report describes the
objectives, approach, implementation, and test results of the program.

The objective of the prografn is to evaluate the performance of large scale
integration {LSI) phcv‘todiode arrays in a linear array scan imaging system
breadboard for application to multispectral remote sensing of the Earth's
resources.

The Final Report is submitted in compliance with Deliverable Item ba,
Final Report of NASA. Goddard Space Flight Center, Contract NAS 5-21806,
The final report was prepared in accordance with GSFC specification
5-250-P<1C, Ma.rch 1972, entitled "Contractor-Prepared Monthly, Periodic,

and Final Reports. "
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1. BACKGROUND

In the evolutionary development of earth observation sensors, demands on
improving reliability and resolution are ever present. The use of a long
array of photodetectors in the image plane of a geocentric stabilized space-
borne telescope used in the "“pushbroom!' scanning mode offers the opportunity
to achieve both higher reliability and finer resolution. Improved reliability
is achieved by the elimination of complex mechanical scanning mechanisms
using point detectors, and finer resolution is achieved by increasing the num-
ber of detectors in the image plane per picture width,

The advent of large scale integration (IS[) CMOS (Complementary Metal
Oxide Semiconductor) technology has allowed the inclusion of detector sam-
pling and commutation circuitry on the same chipl as the silicon diode photo-
detectors. Heretofore, the use of conventional interconnection techniques
made it impossible to connect the large quantity of photodetectors to subse-
quent signal processing circuitry. Thus, the application of pushbroom
scanning using long arrays L of phetodetectors has become a viable technigque
for future flight sensors.

The Breadboard Linear Array Scan Imager program was begun to exploit
this emerging technology. The goal of the program is to demonstrate through
experimentation and testing that the technology is feasible for use in future
high resolution multispectral imaging sensors for earth and ocean survey

applications.

1T]:L_e term chip used in this report is the component containing 96 photod_e..n_ .

tectors and associated electronic circuitry (see figure 1}. Anarray is a
contiguous line of chips.




1.1 INTRODUCTION

Solid-state linear array photodetecter technology is being put to use to
develop electronically~scanned multispectral imaging systems. Experi-
ence has shown that assembling discrete photodetectors into a long array
produces a complex maze of wiring to access each detector element. Thus,
a monolithic approach has been developed which results in a single substrate
with many detectors interconnected -within the chip. The detector outputs are
multiplexed onto a few outputi lines minimizing the physical wiring required.
A shift register provides time multiplexing of detectors and is within the chip
to reduce the aumber of physical connections, The chip used on this pro-
gram has 96 photodetectors and on-chip signal processing provides spatial
sequential output time sharing on four common output lines. The chip re-
quires less than two dozen external wires to be attached. Each chip is
capable of being physically butted to provide a continuous line of photodetec-
tors of thousands of resolution elements per line. Multiple chip sharing of
the data output lines is possible by serially connecting the shift registers of
butted chips, thus reducing external processing requirements to a minimum.

The use of this approach allows the development of solid-state imaging sys-

tems with thousands of resolution elements requiring no mechanical scanning.

To investigate the characteristics and capabilities of fabricating solid-
state arrays, NASA/GSFC issued contract NAS 5-21806, entitled Breadboard
Linear Array Imager Using LSI Solid-State Technology, in July 1972. The
governing technical specification and statement of work is included in NASA-
GSFC document S-731-P-128, Specification for a Breadboard Linear Array
Imager Using LSI Solid-State Technology, dated January 1972.

The original contract includes the design, fabrication, and test of a 576-
detector element array. In late 1973, a contract change order was received
to design, fabricate, and test an 18-chip (1728 detector) linear array which
has been completed. In accordance with contract requirements, a test plan
document was prepared and used as the test criteria for performance evalua-

tion, The final system test pro gram on the 6-chip arra'y'wa.s completed in
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June, 1973. A similar test program was complered on an 18~chip array in
FPebruary, 1974.

Ia June of 1974, a second contract change order was received to design,
fabricate, and test multichip hybrid package (MHP) analog processing cir-
cuits and to perform a study to determine improved techniques for mechani-
cally aligning linear photodiode detectors in long arrays. The goal of the
MHP analog processor development was to provide a design which would
more closely achieve detector-limited noise performance. The work per-
formed on the multichip hybrid package analog processing circuits is dis-
cussed in paragraph 2.4.2.2. The array fabrication improvement study is
included in paragraph 2. 6.

1.2 SUMMARY OF RESULTS

The results of the Breadboard Linear Array Scan Program Imager Pro-
gram have conclusively shown that photodiode linear arrays can be applied to
multispectral remote sensing of earth resources, A summazy table including
the performance objective and the actual performance achieved on the program
is shown in table 1, Summary of Results, The table alsc includes a reference
to the paragraph number or appendix that discusses the source of the per-

formance data.



TABLE 1

SUMMARY OF RESULTS

Periormance Objactive or
Functional Evaluation
{Spec §-731-P-128 per No.}

Noisa (par. 3.1}

Spectral Responsa {par, 3.1)

Dynamic Range (par, 3.1}

Calibration Problems {par. 3.1}

Image Artifacts {par. 3,1}

Cross Talk Betwesn Datectors {par. 3.1}
Reliability {par, 3.1)

Temparal Characteristics

Obtain imagary
Determine Array Fabrication Problems

Performance Goals {par. 4.1}
o 500 elements {later changed 1o 1728}
& Four Spectral Bands (par. 4.2}

@ Radiance Conditions {par. 4,3}
s SNR; Goal 22 {par. 4.4}

8 SNRg Goal 2 (par. 4,4)

MTF Along Scan and Across Sczn

Razdiametric Accuracy, 5 percant of
High Radiance, {par 4.6)

Detector Geomatric Linearity of 1 peresnt
{par. 4.7}

Chip Alignment

NE| {Noise Equivalent Irradiance) of
Detector to be Less Than 1,2 }*.‘,/m2

Linearity Within 2 percent of Best Fit Line
{par, 5.6)

Detector Requirements: {par. 5.7}

o €5 percent Element-to-Element Variation
After Processing

o No Dead Eisments

@ End Elemerts to have Responsa
of 60 percent Mean Full Scale

ORIGINAL PAGE B
OF POOR QUALITY]

Performance/Evaluation Obtained

System level NE! {equivalent to 0.4 to 0.8 pm band) = 1.4p.llm2 (see par. 2.5.1.1)
Typical silicon photodioda responsa (see par. 2.5.1.6)

Greater than 600;1; (see par, 2.5.1,4}

Image streaking due to thermal drift in array temperature (322 par. 2.5.2.5)
Artifacts due to geometrical and electrical characteristics (see pat. 2.5.2)

Not detectable (see par, 2.5.1.5)

Detectors meet Mil-BB3 level B; see Appendixes C and D for failure analyses

Mo apparent fong-term {six-manths) temporat problems, although a pracise assessment
of performance was not possible in laboratory environment {see appendix G)

Extensive image production and evaluation was obtained (see par. 2.5.1.7}

Primary fabrication problem was found to be chip handling and intricacy of
alignment {see par, 2.4.7.2 ), Corrective techniques discussed in par. 2.4.3.2 and
par. 2.6

Three arrays were fabricated {two each 576 and one each 1728 detectors/array) (see par, 2.4.3.1)

Spectral bands were; {1} 0,50~ 0.58 pm (2} 0,62 - 0.68 pm {3) 0.73- 0.B1 pm,
and (4) 0.8 - 1.1 pm, Seepar, 24.1.3

Various radlance conditions used, {see par, 2.4,1.2)

For 0.5 - 0.6 pm band, system SNR of 40 was achieved for low radiince, low
spatial frequency target (see par. 2.5,1,1)

For0.5- 0,6 pm band, system SNR aof 4 was achieved for low contrast, high
spatial frequency {see par, 2,5.1.1)

The detector geometry was chosen to provide equal MTF along and across track. (see figure 9)

HP B330A radiometer calibration shows absolute uncertainty af better than 5 percent
{sae Appendix 1}

Atray chips positioned to within less than 1 percent of array length {see par 2.6.2)

Chip alignment of 1/4 resolution element was achieved {see par, 2.6.2)
The mean detector noise is less than 1.2,.:.1/:112 (see par, 2.6.1.1)

Linearity measurements and detector data indicate a 2 sigma variation of less than 3 percent
of full signai from a best fit line (see par. 25.1.2)

For the signal quantization interval {(approx. 30 to 50 intervals full scale signal}
and 2 calibration levels and irradiance used this exceeds limit {peak error of 6 percent)

Chip manufacturing data provided on 30 chips used on this program indicated only
one bad element for all chips.

Most of the chips used for this program had an end element response batter than
60 percent of the mean response; however, limited availahility of chips made this parameter
an impractical selaction criteria,

75-0288-TB-65-1
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2. TECHNICAL REPORT

2.1 PROGRAM OBJECTIVE
The objectives of the program as stated in the Technical Specification are:

e To evaluate the performance of LSI photodiode arrays in a linear
array scan imaging system. Emphasis will be placed on determin-
ing noise characteristics, calibration problems, spectral response,
dynamic range, image artifacts, crosstalk between contiguous
detectors, reliability, and temporal performance.

® To evaluate total system performance, especially for conditions
simulating ERTS scenes.

¢ To provide high quality images from the camera system.

® To determine fabrication problems associated with making long
arrays from many short arrays.

2, 2 PERFORMANCE OBJECTIVES
The Technical Specification contains a listing of system performance ob-
jectives which are summarized below:

e Minimum of 500 detectors per array (this was later changed to 1728
detectors)

® TFour passbands of interest are 0.5-0.6 pm, 0,6-0.7 pm, 0.7-0.8
pm and 0, 8-1.1 pm.,

¢ The system is to be evaluated with nominal ERTS scene conditions

as follows:
Scene Radiance
Passband (W/cmz - 57)
(#m) High Low
0.5-0.6 2. 48 x 10-3 1.20 x 10-%
0.6-0.7 2.00 x 10™3 2,00 x 10" ¥
0.7-0.8 1. 76 x 1073 2.80 x 1074
0.8-1.1 4.60 x 1073 6.7 x10°%




After signal processing, the system is to have a signal-to-noise ratio
in excesz of 22 for the low radiance conditions (0. 5~0.6 pm)} with a
high contrast, low spatial frequency target.

For the low radiance conditions of the 0.5-0.6 pm passband and a
target contrast ratio of 2 to 1, the system is to have a SNR greater
than 2 at the limiting spatial frequency.

The modulation transfer function (MTF) (at the limiting spatial fre-
guency) in the along~scan and across-scan direction is to be approxi-

mately equal.

After signal processing, relative radiometiric measurements are to
be accurate to 5 percent of the high radiance test conditions,

The linear dimension geometric accuracy of the detector arrays is to
be maintained to one parcent.

The system is to operate at room temperature.

The bilinear staggered self-scanned LSI detector is to have a rectangu-
lar diode aperture with a cross-track to along-track dimensional

ratio of 1. 3:1 with an effective sample distance of 15. 24 pm. The
mean value of noise equivalent signal (NEI) is to be 1.2 wJ/m” jor

a spectral interval of 0.4 pm to 0.8 um for a 6000K source.

The diode array is to have a dynamic range (in terms of input radiant
energy from NEI) of 600:1.

The detector response linearity defined as percent error from the
best straight line fit to the mean response curve for the full range is
not to exceed two percent.

Objectives in detector variation arer (1) after processing, the element-
to-element variation for a given video output bus on a chip shall be
less than or equal to £5 percent of the full scale respons{e, (2) there
are to be no dead elemients, and (3) after processing, the end element
response is to be at least 60 percent of the mean full scale response.

2.3 PHOTODETECTOR ARRAY CHIP

The photodetector chip used on the breadboard linear array program is an

array of 36 photodiodes on 0. 6-mil centers with the associated electronics

necessary to form an array of light detectors for image scanning (see figure

1).

The scene image is formed by periodically sampling each photodiode in

the line array. The on-chip electronics furnishes the first level of preampli-

fication and the multiplexing necessary to periodically sample each sensor
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and commutate the sensor outputs onto one of four output buses. The chips
are fabricated using the complementary metal-oxide insulated-gate semicor-
ductor transistor technology (MOST) which is compatible with the diode
fabrication.

A schematic diagram of the chip is shown in figure 2. To perform the
functions necessary of the array, a sensor, amplifier, and address and
control circuitry are associated with each diode position in the line array.
The photodiode, operating in the integration mode, and a reset switch form
the sensor whose output is taken from the node between the two devices.

The output of the sensor is connected to the gate of a single MOST whose
drain current is the measured variable commutated to the output line. The
address circuitry consists of a shift register stage and an AND gate to con-
trol the reset switch, |

The schematic diagram of the detector and the amplifier is shown in
figure 3 where Q. is the reset switch, Q, is the amplifier, Qg is the ampli-
fier commutating switch, and the external amplifier is the output current
detector.

The photodiode detector is operated in the integration mode. Inijtial con-
ditions for the integration mode are established when the photodiode is re-
verse biased by switching Q1 on. When Q] is switched off, the photodiode re-
mains reverse biased because of the charge stored on the input capacitance
of the amplifier, the parasitic capacitance of the interconnects and the reset
switch, and the capacitance of the diode itself. The rate with which this voltage
will decay toward zero is proportional to the leakage of the diode, the para-
sitic leakage of the node, and the light proportional reverse current of the
photodiode., After a periodt, Qp is again turned on and the capacitance is
recharged. This mode of operation ensures that the diode is detecting during
the entire period between reset pulses and offers an efficiency proportional
to the ratio of the integration period to the total period from reset pulse to

reset pulse. The measure of irradiance may be the peak recharge current,
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the total replaced charge, or the voltage across the diode prior to reset.
This last approach is used on the 96~detector chip.

The detector amplifier is the single p-channel MOST, QZ’ shown in
figure 3. The voltage between ifs gate and the output bus is the integrated
signal which in turn determines the source current flowing through Rf {the
measured variable). The series n-channel MOST, 13, between the supply
and the amplifier enable this current to flow through the amplifier when
addressed by a 1 during the sample period and inhjbits the current when
addressed with a 0 between samples.

Figure 3 shows that the output bus is connected to the summing point of
an operational amplifier which is referenced to ground. The output bus is
thus a virtual ground with an impedance of Rg/A,. This being the case,
many amplifiers may be multiplexed onto this line without channel interaction.
Thus, a substantial reduction in the number of output leads is made possible.
The scene energy is converted into small analog signals and thus is available
for further processing.

2.4 PROGRAM IMPLEMENTATION

The principal objective of the subject program is to evaluate the perform-
ance cf large scale integration (LSI) photodiode arrays in a linear array scan
imaging breadboard. To perform this evaluation required the construction
of a test tool capable of performing appropriate quantitative tests. The in-
tegrated test tool and evaluation program consists of the breadboard imager,
computer software programs for image data processing, and display soit-
ware. An overall block diagram of the entire process of image generation,
detection, signal processing, data processing, and display is shown in
figure 4.

This program required the design and fabrication of a itest bench,

the design and fabrication of detector arrays, the preparation of com~

puter soitware programs, and the conduct of a test and evaluation program.
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The following sections of this report describe the details of program imple-
mentation. The report includes an evaluation of test results,
2.4.1 Test Bench

The test setup for the Breadboard Linear Array Program consists of the
array, optics, and scene simulator mounted on an optical bench. Analog
processing circuitry is situated close to the array and the analog-to-digital
conversion and digital processing and timing are remotely located. A sep-
arate console contains the digital data tape recorder and its associated pro-
cessing circuitry. The compouite test bench and data recording system are
shown in figure 5. The optical bench is shown in figure 6.

The test setup allows testing of a six-chip (576 element) array and an
18-chip (1728 element) array. Since every effort was made to minimize the
processor changes to meet these two operating conditions, only a few changes
were made to accommodate these conditions and are noted in the technical
discussion.

2.4, 1.1 Scene Simulation

The simulated scene is a 2-inch by 2-inch {ransparency mounted on a
positioning table to form a moving target scene simulator. The table is
moved across-scan (along-track motion) and scene motion is provided by a
0. 1-inch lead ball screw driven by a precision stepping motor. The motor
drive is synchronous with the array scan, allowing at least one full integra-
tion period to occur while the scene is stopped. It is this line of data which f
is processed. Kach step is 2 fraction of a resolution element. Because of L
a magnification difference requived for the 576-detector and 1728-detector
arrays, different motor steps are required per resolution element motion of
the scene. Positional accuracy is better than 2.5 percent of a resolution
element per scan line and 15 percent maximum per scene due to a nonaccumu-
lative 5 percent of motor step contributed by the motor and a 0. 0005 in/ft
for the lead screw. These accuracies prevent scene distorticns due to the

scene simulator but use standard quality components.
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Figure 6. Optical Bench Showing Light Source, Scene Translator, Filter Wheels,

l.inear Detector Arrayand Mount, and Analog Processing Electronics



2.4.1.2 Radiant Source

The radiant source is a 10-inch diameter hemisphere with a high
reflectance white interior. A 150 watt de tungsten {3300K) bulb is located
at the radius center and two apertures are cut in the flat surface cover.
These apertures are: (1) a slit to back-irradiate the scene transparency,
and (2) a2 circle to allow direct radiance measurement. The aperture areas
are approximately equal, thereby minimizing the radiance measurement
error, A Hewlett-Packard Radiant Flux Meter and Detector (Model 83304/
83344A) with an Infrasii window and therm;)pile detector are used for radiance
monitoring., Levels are controlled by adjusting the dc lamp power supply.
This source with the radiometer provides the capability for the specified
radiance levels and the 5 percent of the full-scale measurement range. See
Appendix I for the radiometer calibration results.
2.4, 1.3 Spectral Separation

Spectral separation is achieved with thin film filters, Three bandpass
filters centered at 0.55, 0.65, and 0. 75 microns with 0. 08-micron width
are used. A long pass filter with a short wavelength cutoff at 0. 8 micron
provides the near IR band. The filters have a peak transmission greater
than 60 percent. Characteristics of the filters are shown in figure 7. Al-

though these "off the shelf'" filters did not meet the 70 percent péak trans-

mission of the original specification, they were chosen with NASA concurrence

as fullfilling the intent of the program.
2.4. 1.4 Detector Array Mount

The detector array is mounted in a micropositioning mount (see figure 8).
It is adjustable along each axis and can be rotated about the optical axis and
about the axis orthogonal to both the array and optical axis. This allows
enough freedom to align the array relative to the scene and to finely adjust
the focus, Either the 576- or 1728-detectar array can be used in the micro-
positioner. This capability was required it overgome the coarse focus

capability of commercial optics,
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2.4, 1.5 Optics

High quality commercial photographic lenses are used for the cptical
system. A 55 mm, £/3.5 lens optimized at 610 mm (2 feet) is used for the
576-detector array. The 1728-detector array uses a Nikon 150 mm, £/5.6
El-Nikkor enlargerlens. Optical distances and magnification were arranged
to allow an integral number of motor steps per IFOV. For the 576-~detector
array, the object to image distance is 434 mm with a magnification of 0. 172.
The 1728-detector array has an object to image distance of 642 mm and a
magnification of 0.600,

A squarewave MTF measurement was made using the 150 mm lens set at
£/8. The measurement was made using the breadboard's spectral filters.
The optical distances were made equivalent to the breadboard with a silicon
detector used in the image plane to measure the response. The results of
these squarewave MTF measurements for the 150 mm lens are shown in

figures 9 through 12.
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These figures include the calculated squarewave response for A/4 and A/2
OPD (optical path difference) third order spherical aberation. 2 An f/number
of 12. 8 is used for the calculation. The £/12. 8 is the effective f-number
calculated for the image distance of the breadboard.

The photographic lenses used in the breadboard although of high com-
mercial quality were not diffraction limited, therefore contributed to a re-
duction of system MTF, The lenses, however, were of sufficient quality to
produce high quality imagery, & primary program objective.

2. 4. 2 Electronic Processing and Timing

The following sections describe the analog processing and timing circuits
required to process the photodiode video data. It is important to note that
the analog processor demonstrated an ability to meet program requirements,
The timing circuits performed all functions satisfactorily and were flexible
enough to permit the operation of two different size arrays (576 elements and
1728 elements).

2.4, 2.1 Analog Signal Processing

The analog processor accepts the detector array output, derives the video
signal, amplifies the signal, then stores it for A/D conversion. Figure 13
is a simplified schematic of the circuit configuration. Early in the program,
discrete, hardwired components were used in the analog processor. A later
phase modified the processor to a multichip hybrid package (MHP). The
conversion from the discrete component analog processor to the multichip
hybrid package is discussed in paragraph 2. 4. 2. 2,

There are several constraints on the performance of the first analog
processor amplifier. This amplifier must provide as much gain as possible
tominimize the latter stage gain, butnot exceedits dynamic range with detector
chip bias current differences. The frequency response (and slew rate) must be

wide enough to allow sufficient video sample time and small error even after

?Smii‘.h, Warren J., Modern Optical Ehgineering, McGraw-~Hill Book
Company, page 322.
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chip transitions, but preferably narrow enough to keep the noise bandwidth
low and therefore, a low noise amplifier is required. In the breadboard, a
Westinghouse type WA 1006 operational amplifier is used. Since the WA 1006
must operate on low power supply voltages, such as +5 and -2, the available
dynamic range is limited. The bias current variations in the group of chips
used in the array was in the range of 300 to 400 pA. With a 4-volt maximum
output range, the feedback resistor was limited to 10kf2. An input resistor
was selected to provide the nominzal bias current for each of the four buses.
Thistypical resistor was 2k, The amplifier bandwidth is approximately 800
kHz and voltage gain is 5, giving a Johnson noise at the amplifier output of
approximately 25 pV rms. A measurement of a typical amplifier output indi-
cated that a factor of 3 increase in noise is likely due to the amplifier. This
gives a total processor-only noise of 75 pV rms at the first amplifier output.
The gain from the first amplifier output to the analog channel output is 210.
Additions to noise beyond the first amplifier are considered negligible since
the first stage noise gain is greater than five. The RSS (root-sum-square)
for noise contribution at the second stage (assuming a noise equal to the first
stage input) increases the total noise by 2 percent. The impedance of the
second stage is lower than the input and thus contributes even less noise.

A computer processed noise run (see Appendix B) using the MHP ampli-
fiers indicated that the averapge noise is 0. 566 counts {see table 2). This is
equivalent to 100 uV at the first amplifier output or an NEI of 0. 39 pjoule/
mz in the 0.5 to 0. 6-pm spectral band. Three buses (A, B, D} show 0.32
;J.joule/mz noise and one bus (C) indicates a 0. 48 |J-jcm.le/m2 equivalent noise.
The analog-to-digital quantization uncertainty is 0. 2 pjoules/ m? {see table 3)

3
in the 0.5 to 0.6 pm band. The quantization uncertainty is the quantization

interval/+/12.

3
Schwartz, M., "“Information Transmission Modulation and Noise, "
MeGraw-Hill, page 329.
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144 RMS NOISE SAMPLES FOR EACH OF FOUR MHP ANALOG PROCESSORS
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THIS IS THE COMPUTER PRINTOUT (SEE APPENDIX B) OF THE MHP ANALOG PROCESSOR RMS NOISE,
FOR THIS CALGULATION, THE SYSTEM GAIN FROM SOURCE TD OUTPUT IS 1.3 EDUNTS/.&J."mZ. THE
AVERAGE OF THE RMS VALUES FOR THE MHP ANALDG PROCESSOR IS D.39P-me2 FOR A LENS
TRANSMISSION OF 80 PERCENT IN THE 0.5-0.6 um BAND. THIS MEASUREMENT WAS MADE WITH A
RESISTOR TO SIMUEATE THE ARRAY IMPEDANCE,
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ANALOG-TO-DIGITAL RMS QUANTIZATION ERROR
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THIS IS THE COMPUTER PRINTOUT OF THE RMS OUANTIZING ERROR DUE TO ANALOG-TO-DIGITAL

CONVENSION, THE NUMBERS IN THE TABLE ARE DETERMINED BY DIVIDING THE MEASURED GUANTI-

ZATION INTERVAL BY +/ 12, INTHIS PRINTOUT, THE CUANTIZATION ERROR TABULATED IS IN ,u.J-‘mz.

IN CALCULATING THE AVERAGE OF THE RMS ERROR, INOPERATIVE DETECTORS ARE EXCLUDED.
THE AVERACE OF THE RMS NOISE VALUES FOR ANALOG-TO-DIGITAL CONVERSION IS D.Zp..l!mz.

15-0298-T-2-1




The array output is a current which includes the video information and a
large bias level (see figure 14}). The image information is the amplitude
difference between the pre-reset {(video) and post-reset (reference) current.
This difference current is 20 pA or less, assuming a peak irradiance of
0.5 'ﬁa‘.r'/m2 and a 1. 5-msec integration period. The bias current is 1 mA or
less and varies from chip to chip. Without chip selection, the chip-to-chip
bias variation could be several orders of magnitude greater than the video
signal level,

The first amplifier provides a dual function of current to voltage conver-
sion and removal of the average bias level.

The pre- and post-reset differencing to extract the video is performed by
a "keyed-clamp' circuit. A capacitor is charged to the pre-reset level by
clamping one side to ground at the pre-reset tirme interval., At all other
Hdmes, the clamp is opened. The clamp circuit output is the instantaneous
first amplifier output less the stored value on the capacitor.

A series switch is included in this same area to open circuit the system
during the reset period to prevent amplifier saturation. The combination
series and clamp switches provide the charging impedance for the subtraction
capacitor. It should be noted that this bandwidth essentially matches that of
the first amplifier (800 kHz).

Selection of the time constant for the keyed clamp circuit involves the
tradeoif of noise and offset. The circuit must have the speed to remove an
offset that is much greater than the signal, but slow enough so as not to store
noise pulses. The bias current changes between chips is nominally 10 times
the 0. 55-pm band, low level, full scale signal. In order to keep the coupled
offset during chip to chip transitions below 1 percent of the full scale, a time
constant of less than 1/7 of the pre-reset gate width is required. A factor
of 1/10 was used, giving a coupling of 0. 05 percent (0.5 to 1 percent of the

signal full scale).
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i
The second amplifier provides gain and a buffer between the keyed clamp 1 l r "3
subtractor capacitor and the sample-hold circuit and has a gain of 21 switch- L
able to a gain of 3. There is no external bandwidth limiting added to this i——
amplifier. It is desirable to have the amplifier recover from degraded ele- uJ l
ments or high offsets as rapidly as possible. The internal amplifier response P !
gives a closed loop bandwidth near 800 ki .. { {

The sample-hold circuit samples the second amplifier output during the
post-reset video period and holds it unti: the next element is sampled. A
time constant to sample time ratio of 1/5 is used to keep signal cross-
coupling below 1 percent.

A The final amplifier provides a buffer and line driver. A National Semi- , i

[,

conductor LHO003 is used with a gain of 10. This provides the 10-volt capa-
bility required for the A/D converters and causes a droop less than 1/2 an o

ISB (least significant bit) over the 10-psec holding period.

a3 . o .

A 4-psec per conversion A/D converter is used for each channel. At the ; :
end of each element conversion, the data is stored in an 8-bit holding

register. The data is multiplexed and sent to the recording encoder on eight A : !

lines in the correct pixel sequence. Aclocksignalis sentwith each data word, ~ |
2.4.2.,2 Analog Processor Conversion to Multichip Hybrid Package {MHP) 7
A change order to the contract provided for the conversion of the analog - 2
process electrical schematic (see figure 15) into a microminiature module. e
The MHP was expected to give more nearly detector-limited performance. - :
The design procedure is shown below. The 1" x 2" package was chosen be- El ;
=

cause it meets both the requirements of small size and ease in manufacture.
The layout takes into consideration the output lines and the minimization of (
interconnection lead lengths between amplifier stages and the use of power

line bypassing in several places to ensure decoupling. , P

Electrical Perform Manufacture Perform Electrical oy
Design =¥ Hybrid —®Substrate ¥ Hybrid ¥ Test .
Layout Assembly
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Figure 15. Analog Processor MHF Schematic




b

The layout is in three layers, The first layer is the main conductor layer
where 85 percent of all necessary interconncctions are made. The second
layer is a dielectric which provides insulation beiween conductor layers as
well as providing an insulation over which a wirebond passes. The third
layer ig the second conductor layer; this layer serves to interconnect the
lines on the first conductor layer,

The layout, after it was checked for accuracy, was next converted into
artwork necessary for the manufacture of the substrate. Each layer was
screened, then fired onto the substrate and visually examined, After the
third layer was screened and fired, the subsirate was again visually examined
and electrically checked, thus assuring a quality substrate. The amplifier
substrate consists of two thick film-deposited conductive layers with one di-
electric layer and is inspected. The components which already have been
visually examined are mounted in their respective places using nonconductive
adhesives. After curing, the components are wirebonded using gold thermo-
compression ball bonding techniques. This assures a reliable connection
between component and conductor,

The finished analog processor is shown in figure 16.
2.4,2.3 Timing and Control

All timing and control functions, except for recorder encoding and control,
are provided by the main timing circuitry. Figure 17 is the system timing
diagram. A 3,6-MHz clock is divided to provide the 400~kHz data rate clock,
A preset counter -ounts to 576 (96 times 6) at the 400~-kHz rate to provide an
end~of-line signal to enable synchronizing at the line scanning rate. A shift
register provides 0, 28-usec, the basic timing interval over a 10~usec period.
A1l analog gates, A/D control, holding register load, and array clocks are
determined by decoding the proper interval from the shift register,

The maximum rate at which the digital data tape recorder can accept data
is significantly less than the detector array can produce. Thereiore, the

record rate is designed to accept only one of sixteen scan lines., The scan
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line that is recorded represents one contiguous IFOV of the scene. During
the interval between recorded data lines, the scene is translated and stopped
prior to recording. The timing and logic is arranged to provide the correct
number of motor steps {2 motor steps for the 18~chip array and 7 for the
b~chip array) to accommodite the different field-of-views required for the
6~ hip and 18~chip arrays.

The clock signals used to control the timing of the analog processor and
array use open collector TTL to increase the voltage limits. This 12V signal
is ac~-coupled for the negative voltage biased array and the bipolar analog
gates. A CMOS CD4041 driver interfaces between the TTL and array inputs.
CMOS CD4041 drivers also interface with the CD4016 analog swiiches in the
processor.

2.4.3 Detector Array Design and Fabrication

A major objective of the breadboard program was to determine the feasi-
bility of fabricating long detector arrays for possible use on future earth
observation sensors. This section discusses the fabrication of detector
arrays and both achievements and problem areas are identified.
2.4.3.1 Fabrication Techniques

An early program decision was to select a design which would allow re-
placement of individual chips. This was of particular importance with the
limited number of chips available., During the program, several chips were
successiully replaced.

The selected approach shown in figure 18 uses the "chip carrier" concept
and the use of multi-level substrate interconnections. Each detector is
cemented to a precisely machined chip carrier. The carriers are assembled
on a baseplate with each aligned such that the chips form a contiguous line of
detector elements. An appendage on the carriers extends beyond the chip
edges, on alternating sides, providing a surface with up to twice the chip
width for baseplate mounting. Figure 19 shows the assembled 6-chip array
with this carrier arrangement., It is well to remember that one chip contains

96 detectors; therefore, six chips is equal to 576 detectors.
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The chips are cemented to the carriers with an epoxy cement double~sided
film. The film cement eliminated possible metering problems associated with
liguids, This also eased the handling and prevented seepage onto the chip
surface. Curing is performed at 150°C and a jig is used to align the chip on
the carrier during the cement curing period.

The chip alignment was performed by manipulating the baseplate mounted
carriers while viewing the detector elements through a microscope. A custom
fixture was used to elevate the array during alignment to allow access to the
screws on the bottom surface. The chip carrier mounting screws could,
therefore, be tightened while observing the chip alignment to detect move-
ment of the carrier. A measuring stage was used with the microscope pro-
viding a means of measuring the final alignment accuracy, Using this meas-
uring capability, all chips were assembled relative to a datum to prevent
error accumulation. It is important to note that with this technique errors
in the along scan direction are not accumulated. However, positional error
can occur from one chip fo an immediate neighbor chip. A measurement
made on the 18~chip array indicated a maximum error of 0. 15 mil (3. 8 pm)
between adjacent chips.

With the use of 2 measuring microscope, an imaginary reference line
{best fit) was developed which minimized the maximum detector lateral
excursion from the reference line, For the 6-chip array, the maximum
lateral excursion was 0,2 mil (5. 1 pm) and for the 18~chip array, the maxi~-
mum lateral excursion was 0.3 mil (7.5 pm]},

The errors in detector lateral excursion in the across-scan direction and
positional error between adjacent chips in the along-scan direction are within
the specification requirement of 1 percent of the array linear dimension.

For interconnecting the chips electrically, a substrate of synthetic
sapphire was used on which gold conductor patterns had + en deposited.

This also provided the connection to the array package interface leads. All
interconnect wires within the array package were gold and ultrasonically

bonded. Rework of the goid-to~gold bonds was made many times with
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excellent results, The gold-aluminum (chip pads) bonds were reworked, but
the number of times an aluminum pad could be used with a good bond was less
than three.

The array package was assembled in a standard 1 inch by 1 inch micro-
electronic package. This package was attached to an adapter ring for assem-~
bly into the micropositioner. A filter board was connected to the rear surface
of the adapter ring and wires run through the adapter and filter for connect-
ing the array to the signal processing and power supplies.

Photographs of the 576 detector {'6-chip), the 1728 detector (18-chip) and
the fully assembled 18-chip array are shown in figures 19, 20, and 21.

From an observation of the photographs, it is readily seen that a major
objective of the breadboard program was achieved. Thus it is fully demon-~
strated that the fabrication of long arrays is totally feasihle. Achieving this
objective was not devoid of problem areas, however, Some of the problem
areas encountered during the array fabrication phase are discussed in the
following paragraphs.

2. 4, 3. 2 Fabrication Problem Areas

Throughout the fabrication and test phases, both accomplishments were
made and problem areas became apparent. Those problems which could
readily be resolved were improved with the later 18-chip array fabrication.
This section discusses the problem areas and possible solutions.

Many of the early chip failures were similar, occurring after several
hours of operation. One of these damaged chips was sent to NASA-GSFC for
failure analysis (see Appendix C, Failure Report SN-2979). The conclusion
was that the chip had a probable electrical overstress although some manu-
facturing scrapes could have been contributing factors.

Later in the program, there was a long period during which no failures
occurred until some electrical modifications were periormed. The coinci-
dence of electrical circuit modiﬁcatio‘ns and the occurrence of array failure

may have been due to the use of an ungrounc.ied soldering iron. The extremely
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Fully Assembled 1728 -Detector Focal Plane Array

Figure 21.
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high in pedance of the MOSFET devices make them very susceptible to static
charge damage. For the 18-chip assembly, special care was used to do all
wiring with a grounded soldering iron thus preventing failure due to static
charge effects. Also, the power lines are decoupled with large capacitors,
zener diodes, and resistors to remove the possibility of power line transient
damage to the array. The data buses were decoupled by the first amplifier
resistances and the MOSFET gates are protected on the chips with zener
diodes. No failure occurred during an operating period of many months with
the 18~chip array, indicating that the electrical induced problems were
resolved.

Probably the most critical problem area is the chip sensitivity to handling.
The chip is very brittle, making the chips very susceptible to nicks and
cracks from pressure or edge contact. Pressure on the front suriace can
cause breakdown of the thin dielectric between conductors. These are the
most probable causes of the majority of chip failures seen during the array
fabrication. Many of the visible damage problems are caused during the
array assembly and alignment. The cause of problems during this phase is
the awkwardness of handling the small chips while performing the required
assembly procedure. Particularly during alignment and tightening, it is
necessary to manipulate the chips which are now mounted to their carriers
while viewing the procedure through a microscope. The microscope objec-
tive depth of field is so limited that it allows only one surface to be visible.
Beyond the focal plane, small spurs or debris on the chip edges can come in
contact with an adjacent chip causing a piece to be broken off. It must be
remembered that the chip-to-chip nominal spacing between edges is 7.6 pm
(0.3 mil). In addition, the staggered geometry has interlocking edges which
also interfere with the alignment (see figure 22), As the chip carrier screws
are tightened, these edges can be overlapped (confused by the out-of-focus
condition) and the chip broken or cracked.

The 6~chip array carriers were mounted to the top surface of the base-

plate, with the sapphire substrate sandwiching the chip carriers between it
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Figure 22, Bilinear Design (Detector and Edge Element Geometry)

and the baseplate. This technique provided the chip replaceability but re~.
quired removal of all chip wirebonds for a single chip change., Because of
the gold-to-aluminum bonds on the chips, a maximum of three reworks were
possible, but each rework had a good possibility of completely destroying a
good chip bonding pad so that it also had to be replaced. This was an ob-
vious lirnitation to the fabrication technique requiring improvement.

A modification to the mounting technique was incorporated into the 18-chip
array. The chip carriers were modified to allow mounting to the bottom of
the baseplate. This technique allows removal of individual chips without
disturbing other chips of the array. Several chips were replaced in this
array showing the great advantage of this technique.

A more subtle problem, because of the lack of visible damage, is the
dielectric breakthrough, This can be caused by any front surface contact

with even relatively small amounts of pressure. Most of the 18-chip failures,

not attributed o nicks and cracks during the assembly phase, have been traced

to front surface contact (see the Failure Analysis Report in Appendix D),

43

B ]

T R TTATR e T




¢ e ke R 3 A b et e

A basic requirement of the breadboard program is to develop a totally
contiguous array of photodetectors, i.e., no gaps between end-~element
detectors, The use of bilinear staggered detector geometry shown in figure
22 meets this requirement. But, as was stated in a previous paragraph, the
physical interlocking of the chip edges is an extremely tedious, but feasible,
mechanical assembly operation.

2.4.4 Computer Processing

The photodiode linear array detectors exhibit differences in signal offset
and gain. Data from the program has shown that on a per bus basis, a
majority (= 80 percent) of the elements vary from each other by less than
15 percent of full scale. There is a finite number of elements with much
larger offsets. Dynamic range and gain variations are relatively closely
matched for all working elements. From this, it is seen thatf radiometric
corre<tion is the prime driving function in computer processing.

These characteristics (signal offset and gain) obscure the real information
content of the raw data and therefore require removal prior to data evalua~
tion, With the discrete element configuration, the linear array is ideally
suited for computer processing of its data. The computer, therefore, was an
important tool used during the breadboard linear array testi phase.

The computer has two primary functions in this program: reordering of
the staggered geometry and normalizing the data. During the data manipula-
tion, other capabilities of the computer were also used for image cosmetics
and data analysis. Although the listing (Appendix E) is lengthy, the actual
function is not complex as can be seen in the simplified flow diagram of
figure 23, The following paragraphs provide a more informative description
of the computer functions.

Initially the data tape was formatted for 6-~chip data. Rather than modify
the hardware, when the 18-chip array was fabricated, the same 6-chip for-
mat was used. To process the data from the 18-chip array, three runs were

made with each of three 6~chip segments, The software was modified to read
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1728 lines of 576 elements each and then repeat the 6-chip process for each
segment. The simple tape (calibration and scene data) format for the 6-chip
array was changed to a two tape (one for calibration and one for scene data)
format to handle the increased data requirement of the 18-chip array. The
Appendix E program listing and the flow chart is for the 18-chip format.

The first information entered into the computer is the calibration data.
These are array outputs for each element at five predetermined radiance
levels. Five hundred seventy-six (576) samples are run for each element .
at each level. The computer averages these samples and stores the results
for use in normalizing the picture data. While reading the tape data, the
computer also smooths inoperative elements by averaging between the two
adjacent elements to compensate for the missing data.

The next step is for the computer to read and store the image data. During
the reading of this data, the inoperative elements are also removed by ad-
jacent element averaging. Two 576 element data lines are read into the com-
puter per tape access. The even numbered elements are stored for one tape
access interval and then placed into the storage array with the data from the
odd numbered elements read during the next interval forming a 576 element
line. Thisremoves the two pixel displacement (across scan)inherentinthe stag-
gered photodiode array, The elemental data values are comparedto the calibration
data and, by interpolation between the nearest higher and lower calibration
values, normalized to a range of 0 to 255. One thousand, seven hundred
twenty eight (1, 728) lines of normalized data from each 6-chip section are
accumulated in a drum storage area until the scene data from all three sec-
tions have heen read.

The final step of a scene data process is to retrieve the data from the drum,
taking 2 line from each 6-chip section, to form a single 1728 element data
line. Values equivalent to each of the five calibration levels are added to the
data lines (one level for each of 376 lines). This data is recorded on a mag-

netic tape for playback on a film recorder.
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Another benefit obtained from the computer usage was the obtaining of
noise calculations, The same scene software was used except the scene pro-
cessing was removed and an rms routine inserted. The rms deviation from
the average level was calculated using 557 samples, This rms value was
normalized to the 0 to 255 range for easy comparison to the signal levels,

An rms value was then printed for each of the 1728 elements.

The computer was also used to obtain a comparison of temperature data.
This was a simple plotting routine using the peripheral plotter. Room tem-
perature and 0°C plots were made of the dark level for the 6-chip array.

The effects of temperature become readily apparent with the plotted data as
shown in Appendix F.
2,5 TEST PROGRAM

A comprehensive test program was performed on the Breadboard Linear
Array Imager. Prior to performing the test program, a test plan, entitled
Test Plan for Breadboard Linear Array Imager, Specification No. 21806~1,
was prepared, Thisplan enumeratedperformance parameters tohbe evaluated.

e 5.1 Test Results

Test results are discussed in the following paragraphs. Each significant
test parameter as identified in the test plan and technical specification is
discussed as an individual performance item.
2.5.1.1 Noise

The noise contributors to the breadboard imaging system are from the
detector, analog processor, and quantization. The detector noise was from
1,0t0 1,3 ju..ZF/m2 based on measured manufacturing data in a 0,4 to 0.8-um
bandwidth with a 6000K source. A detector noise (NEI) distribution histogram
of a typical 96-element chip is shown in figure 24. The MHP analog processor
noise was measured at 0, 39 pJ /mz and the quantization noise was calculated
to be 0. zp.;r/mz.

The breadboard system radiance band used for the noise measurements is
centered at 0. 54 pm with an 0.082-pm width with a source of approximately

3000 ¥. Although the measured manufacturing detector noise spectral
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bandwidth is not the same as that of the breadboard, the product of the
average detector response and integrated irradiance produces an error of
less than 5 percent between the two measurements,

For tests on the breadboard, the two measurements (wide band and 0.5 -
0.6 pm narrow band) are considered to be equivalent. Talking the rms noise
of each component of the system, detector, processor, and quantization noise,
a total noise is calculated to be between 1,1 and 1.4 pJ/m?. A typical cal-

culation of system noise (RSS) is:

System noise = ‘/(detectornoise)z-l-(analogprocessornoise)z T

(quantization noise) 2

where
® detector noise = 1,3 1T /.'0:12
® analog processor noise = 0,39 I-LJ”/m2
® qguantization noise = 0.2 pJ I:rn2

and,

System noise = ‘/(1. 3)2 + (0.39)2 + (0. 2)2

¥ 1.4 pJ/m"2

The noise measurement on the 6-chip array yielded a noise of 1.9 pJ/mz
(see table 4). To improve this condition, a processor change was made to
correct a cross-coupling problem. The 18-chip array noise was then obtained
yielding the maximum expected 1,4 jr.c.]'/'rnZ‘ (see table 5).

The use of the MHP analog processor was expected to result in lower
system noise, As seen above, the analog processor contributes less than
10 percent of the total system noise. For example, a 50 percent reduction
in the MHP noise results in a reduction of 3 percent in system noise, The
replacement of several detector chips in the 18-chip array coupled with the
uncertainty in making precision analog measurements have obscured the
effects of lower MHP noise. Therefore, the quantitative performance of the

MHP has not been established, Actually, the test results of table 6 showed an
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RMS NCISE FOR 576 DETECTOR ARRAY WITH DISCRETE- COMPONENT
ANALOCG PROCESSORS
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USING DISGRETE-—CUMP{]NENT ANALOG PROCESSORS, THE NOISE IN THE TABLE IS IN DIGITAL COUNTS WHERE

ONE COUNT 15.45 pd/m*, THE AYERAGE OF THE RMS NOISE VALUES I8 T.H}Lmez WHICH INCLUDES 90°PERCENT

LENS TRANSMISSION EFFICIENCY. INOPERATIVE DETECTORS ARE EXGLUDED, 76-0298-T-3
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TABLE 6
RMS NOISE FOR THE 1728 DETECTOR ARRAY WITH MHP ANALOG PROCESSORS
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N THE TABLE 18 INp.JImz. THE AVERAGE OF THE RMS NOISE USING

. INCPERATIVE DETECTORS ARE EXCLUDED,
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THIS IS THE COMPUTER PRINTCGUT OF RMS NOISE (0.5-0.6 p.mBAND) FOR 1728 DETECTORS [N THE 18—CHIP ARRAY
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increase of 0. 1 |1:J'/m2 up to 1.5 pJ /mz. It is concluded that this increase
is not due to the MHP but to the use of replacement detectors with higher NEI,

Figure 25 is a histogram showing the svsiem NEI distribution of approxi-
mately 576 detectors. The noise is plotted in terms of u.}'/mz in the 0.5 to
0.6 um band.

In summary, noise equivalent irradiance (NEI) of 1. 4,;J/m2 has been
achieved. With this NEI, signal-to~-noise in excess of 200 is obtained from
typical ERTS scenes, i.e., scene radiance of 10 W/m2 -sr in the 0.5 ~
0.6 pm band with an £/4. 7 optical system.

At the specified radiance of 1.2 W/mz ~sr (0.5 - 0.6 pm band), and with
the £/4.7 lens setting and an NEI of 1.4 p.J"/mZ, a SNR in excess of 40 is
achieved. The SNR of 40 significantly exceeds the program goal of 22.

For the specified condition using a target with a radiance ratio of 2:1 at
the limiting frequency and an NEI of 1.4 uJ/ m?2, the low contrast SNR is
calculated to be 4. This exceeds the program goal of 2 for the same condi=-
tions.
2.5.1.2 Linearity

Linearity measurements were made by making three independent runs with
different irradiance levels, The upper level of each lower range was adjusted
to be close to the low-level of the adjacent higher range and one amplifier
gain change was made. JIrradiance attenuation was produced by adjusting the
aperiure within a range and using the detector and radiometer between ranges.
Since discontinuities are unlikely, errors between ranges were removed to
make a smooth transition. The high radiance level outputs were increased
by 7 to account for the gain change. Noise was removed by averaging 500
samples of each element. The full dynamic range coveredis nominally 700:1.

The data indicated that the vast majority of the elements fall within 2 per-
cent (full scale) of a best fit straight line. Only a few elements deviated

from a straight line by not more than 3 percent.
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Figure 25.

System NEI Histogram for 576 Detectors
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Chip manufacturing data (see Appendix H) indicates that a 2 to 3 percent
deviation from a straight line can be expected. With careful design, the
signal processing electronics will not add further nonlinearity.
2.5.1.3 Modulation Transfer Function (MTF)

The system modulation transfer function (MTF) for the breadboard system
consists of the lens MTF, detector window function, image motion, temporal
response of electronics, phase of image, and a Fourier coefficient factor for
the squarewave targets used in the measurements. For the breadboard, a
stationary scene is used and, therefore, image motion is not a factor. The
electrical bandwidth {800 kHz) of signal processing electronics is very much
greater than the array output frequency for a target period equal or less than
the pixel spacing (0. 6 mil), and therefore there is no temporal component.
Phasing has also been removed by adjusting for maximum and minimum out-
puts. The detector window MTF component is rectangular, having a sine
(X)/X transfer funciion., The argument X is = times (detector window dimen-
sion} times (target spatial frequency), The lens facter was taken from Smithz'
with aberration indicated from the lens measured data. ‘

The specification requires that the system MTF in the along-scan and
acrossw~scan direction to be approximately equal. Tests were performed to
determine the extent to which this requirement was met. The experimental
MTF inthe across-scan and along-scan directions for the 6-chip and 18~chip
arrays are shown in figures 26 and 27. It is seen from the figures that the
MTFE's are nearly the same, The effect of optics MTF can be clearly seen
bv ohserving the ideal detector response curve,

It is concluded from this experimental data that the specification of equal

MTF in the along~scan and across~scan directions has been met.

2
Smith, Warren J. page 322.
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2.5,1.4 Dynamic Range

A performance goal of the breadboard is to demonstrate that the detector
array is to have a dynamic range (in terms of input radiant energy relative
to NEI) in excess of 600-to-1. Test results indicate that this goal was
achieved.

Measurements of dynamic range were complicated by different bandwidths
of the HP 8330 radiometer and detector, and the finite maximum energy out-
put cf the light source, For these conditions, a special procedure was de-
veloped to obtain dynamic range. The dynamic range of the detectorsismeas-
ured by a procedure starting at low radiance and increasing to saturation.
The procedure is to set the reference radiance to 0.7 to 0.8 pm with the use
of bandpass spectral filter. This level is measured with an HP 8330 radio-
meter and the voliage level of a detector element output is also measured.
For this test, the source clear aperture is more than 2 orders of magnitude
greater than the detector element FOV. The spectral filter is then removed
and the irradiance at the detector reduced irith neutral density filters and the
lens aperture until the original detector voltage is obtained. By removing
the neutral density filters and changing the aperture settings the radiant
energy to the detector is increased until saturation (no voltage change) is
observed at the detector output. The neutral density and aperture changes
required to achieve saturation provide a scale factor to be applied to the
original radiometer reading.
2.5.1.5 Cross-Talk

Observation of the 6~chip MTF data veveals that cross=-talk between ad-
jacent detectors is not a significant factor in system performance, If cross-
talk were present, it would be most predominant in the long wavelength (0, 8-
to 1. l=pm) band due to increased photon penetration at the high wavelength,
Tests show the measured data higher, by 14 percent, along-scan, and 40
percent, across-scan, than the calculated value, A further examination of

the measurement uncertainties involved show that the lens spectral
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characteristics can cause a 25 percent variation in MTF (AMTF between
A=0.8and l.0pm)}. A 10 percent uncertainty in detector aperture dimension
produces an 18 percent uncertainty in MTF. System noise is also a contri-
butor by making high spatial frequency MTF measurements less precise.
From the measured results and the known uncertainties, it can be seen that
the 1 percent or less expected cross-talk is not detectable in the breadboard
system.
2.5.1.6 Spectral Response

Spectral response data for the chips used in the 1728 detector (18-chip)
array is shown in figure 28. The figure shows the mean spectral response
of 96 detectors on one chip of the array and also the range of mean response
for all of the chips. From the figure it is seen that the useful band extends
from 0, 4 pm to greater than 1. 0 pm and the spread of mean responses is
minimal. At wavelengths less than 0.8 pm, the peak-to-peak deviation is
6 percent, and at wavelengths greater than 0.8 pm, the peak-to-peak devia-
tion is less than 12 percent. It is important to note that these spectral varia-
tions are removed in subsequent image processing operations.
2.5. 1.7 Temperature

Although temperature testing was not a specific part of the initial program,
the knowledge gained during the program indicated that temperature was a
critical parameter for future array usage. In order to better understand the
thermal effects on the data, a simple temperature test was run.

The array was mounted in a temperature chamber with the processor
outside. A light source was placed in the chamber and all ports sealed.
Two reference scans were made at 20°C, a dark level and a light level, to
obtain a mid-range output. The lamp voltage was measured to allow later
repetition of the same light level., The array was again operated at 0°C at
both the dark and same light level as set by the lamp voltage. A third dark
level was run at 10°C. Each of the runs consisted of 576 samples with the
samples averaged to reduce the noise uncertainty., Appendix F includes the

listing of the average data for each element.
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Figure 28. Spectral Response

The average dark level of the data reduces significantly at 0°C. But, of
more interest, it was determined that the element to element offsets re~
duced by a nominal factor of 4 between 20°C and 0°C. This effect reduces
the dynamic i‘ange required of a system since the ofiset is a significant por-
tion of the typical signal level. It also reduces the temperature sensitivity
of a system by making changes in offset a small fraction of a scene level. A
composite plot of the dark level at 0°C and 20°C is given in Appendix F.

Although the temperature test did not provide a rigorous proof of gain
variation factors, it did show that the effect is small. A total change of less
than 10 percént was indicataed over the 20°C temperature range.
2,5.1,8 Inoperative Elements

A goal of this program was to use detectors with no dead elements. With
the 30 chips made available for the program, this goal has been nearly met
with only one chip of the 576 element array having a dezd elernent and none

of the 1728 element array chips having dead elements prior to alignment,
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Although the results of the program have shown the feasibility of producing
linear array imaging systems, a perfect array was not achieved during the
program. The 576 element array was fabricated with 1. 2 percent inoperative
elements and a 1728 element array with 5. 5 percent was fabricated., These
failures are attributed to handling and static discharge and a promising means
of avoiding the problem in future systems is addressed in the fabrication im-
provement study discussed in paragraph 2, 6.

2.5.2 JImage Evaluation

The previous sections have presehted the quantitative results of the bread-
board linear array test program. This scction presents the more subjective
results of image evaluatibn.
2,5.2,1 Gray Scale Reproduction

An impozrtant requirement for a remote sensing system is its ability to
faithfully reproduce scene gray levels. The results of scanning a non-
standard gray scale image show that the linear array technology is capable
of meeting that requirement.

The plot of figure 29 shows the results of scanning a multi-level gray
scale, Full scale irradiance at the detector (including a 90 percent lens
efficiency) is 450 ,uJ/mz providing a typical mission scene range. At 100
percent film transmission, the array output in counts would be 255. The
plotted data shows an excellent relative linearity of within 1 percent of full
scale for a best fit straight line, It also shows that the array output faithiully
reproduces the gray levels within 3. 7 percent absolute, Figure 30 is 2 film
reproduction of the gray scale image from the array, The film fidelity is
shown by the gray scale at the right, showing maximum irradiance, dark,
and three factors of 2 steps,
2,5.2.2 B5T706-Detector Array Imagery

Figure 31 shows four scenes made from the 576-detector array, The
IFOV is 0. 23 mrad with an irradiance of 0,03 m'S?»)'/c:n::L2 in the 0.5 to 0.6
g band,
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2.5.2.3 1728=-Detector Imagery

Figure 32 is a 1728-detector image produced from the breadboard from
an aerial transparency provided by the U.S. Geological Survey. The figure
is a contact print made from the exposed film produced from an Optronics
P-1500 Photowrite display system. The facsimile recorder has a LED
source which is optically focused and modulated to form an image with 64
gray levels and a square illumination spot size of 50 ym.

The image of figure 32 was produced from the 1728-detector, self-scanned
photodetector linear array placed in the focal plane of the breadboard. The
detector-to-detector spacing is 0.6 mil (15.6 um) which results in an array
length of 1, 0368 inch. The scene radiance was 3,0 mW/crnZ-sr in the 0, 7-
to 0. 8-pm spectral band. Using the breadboard lens at a focal length of 240
mm results in an effective focal ratio of £/12. 8. The angular resolution

under these conditions is 62 microradians.

Figure 32, 1728-Detector Image
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Irradiance at the detectors for this image is 210 pJ/m? and for an experi-
mental noise equivalent irradiance (NEI) of 1.4 pJ/m2, a system signal-to-
noise ratio of 150 was obtained.
2,5.2.4 Image Artifacts

One of the objectives of the breadboard program is to evaluate the per-
formance of photodiode linear arrays in the context of image artifacts.
Figure 33 is a bar chart target image obtained from the 1728~detector array
and several image artifacts are identified. The artifacts are:

a., Nongperating Elements

These are either seen as either black or white or white streaks and may
be due to:

(1) The detector does not respond to light.

(2) The detector has a characteristic such as offset which is
much different than the normal value,

(3) The detector has a high offset (or low) such that only a portion
of the illumination range is within the linear processor range. This artifact
is not likely to be observed on a bar target, but appears to be operating
intermittently in & general scene,

b. Wave Effects

(1) In the across~scan direction, a waviness is seen which is due
to phasing between detector and the scene edge (see figure 34),

(2) In the along-scan direction, both waviness and steps can be
seen. This is due to both phasing between detector and scene edge and
chip~to-chip alignment error.

c. Leakapge Lines at Chip Edpes

This is seen as a white line protruding into a dark arez and is due to light
leakage at ncn-metallized chip edges.
d. Tooth-Effect

The tooth~effect as shown in the figure is not an artifact and is included to
show the effect of a computer program error. This error shows the detector

stapgger effects.
66

STl

e e L SRR

B S T S o S

i
¢
!
i

=

ok b A e P AR S e ol



S R k- ol g g R e T

— -
TOOTH EFFECT
Z??;ffé::""""'-- Y - SieaumEbILT | oRmaictasssa. > DUE TO COMPUTER
| i % %, ”, 2 & PROGRAM ERROR
-
%, % § SHOWING DETECTOR
- & STAGGER EFFECTS
K’ s
e e et e P :
",
o,'l"
0""'
¢/
o, COMPU TER

oy GENERATED
“&lll.lli

ONE-RESOLUTION
ELEMENT WIDTH

K

\)
\“‘
‘\
)
‘\
““
\“‘
oo i e = — =
P —
_,__L
:\,\_.._nf
qﬂ_ e
,L =W LSS e
)
o ——————————— ey
\)
> — e ey |
‘\
1 COMPUTER
e G e —— : 3
WAVE=EEFELT _————e e e g COLLLLIR LR R s e wnanns GENERATED
AND DISCONTINUITIES %, GRAY SCALE
) DUE TO CHIP-TO CHIP
s ALIGNMENT ERROR
v
= ]
t
ry l"'
l,'
LEAKAGE LINES
= E DUE TO
< NONMETALLIZED
2 =
= CHIP EDGE
¥ =
IZ8 BT
= = -
Q 3
L 4 Q
ALONG-SCAN
DIRECTION WAVE-EFFECT 15-0298-PA-26

DUE TO PHASING
BETWEEN DETECTOR
AND SCENE EDGE

Figure 33. Examples of Image Artifacts on

Bar Chart




ARRAY OF
PHOTO-
DETECTORS

TARGET
(3 BLACK-WHITE
LINE PAIRS)

TIME

IMAGE MOTION
DIRECTION

THIS IS EXAGGERATED EFFECT
ON THE DISPLAYED LINEAR IMAGE

15-0298-Vv-27

Figure 34,

Wave-Effect Due to Phasing Between Detector and Scene Edge
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e. Thermal Streaking

This is due to the effect of the difference in temperature of detectors at
calibration and when a real image is recorded,
2,5.2.5 Thermal Streaking

Tests performed on the breadboard system resulted in 2 phenomena which
is referred to as thermal streaking. This phenomena is common to highly
parallel processing systems where it is caused by changes in dark current
as a result of temperature changes of the detector array. For example,
a change of 10°C results in a 2:1 change in dark current {see Appendix F).
Figure 35 shows two pictures, one with thermal streaking and one without.
Full scale of these pictures is 211 LLJ/rﬁz and the streaking shown is
equivalent to a 2°C temperature change at an ambient of +20°C, The most
pz"edominant lines are equivalent to a 50 p..]'/m-z error or 25 percent of the
full scale scene. For an uncooled array (nominally 20°C) maintained at
+1°C, thermal streaks of £2 percent of full scale would occur. If the array
is cooled to 0°C and maintained to within +2°C, thermal streaks less than *1
percent will occur. The results of this test strongly indicate that for
operational applications, thermal control of detector arrays is
desirable.
2,6 ARRAY FABRICATION IMPROVEMENT STUDY
2.6.1 Introduction

In compliance with the Statement of Work, an array fabrication improve-
ment study was performed. The purpose of the study was to show the status
of array fabrication, experience gained, and improved fabrication methods
to achieve higher yield, reduced assembly and alignment time.

The methods proposed and the equipment recommended also serve the
purpose of advancing detector array fabrication from the development to a
limited production stage, a transition necessary prior to entering into a

flight program.
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Figure 35,

This scene includes lines attributed to a thermal
streaking phenomena. The calibration curve used
for data normalization and the scene data were
taken at different times (and temperatures) in a
laboratory without temperature control. Since the
offset varies 5 percent/°C, the 10 percent change
in level between the calibration and scene runs
indicates a 2°C temperature difference, well within
the temperature range encountered in the room.

This scene was made with the calibraticn and scene
data taken within a short time interval; i.e., 15 minutes.
With the short interval involved, the array temperature
did not change significantly. This shows the data
improvement which can be obtained by thermal
control of the array.

Example of Thermal Streaking
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Since the beginning of the breadbcard linear array program, three de- i
tector arrays have been fabricated, two 576 diode arrays and one 1728 diode |
array. In the assembly of a detector array there are many stages in
assembly; the most complex steps are the joining of the photodiode chip to
the chip carrier, the assembly of the chip carrier assembly to the baseplate,
and alignment of the photodiode chips in the desired geometric position.

2.6.2 Alignment Results

As was expected, using manual methods of alignment resulted in some
positional error in the arrays. Measurement results taken on the 6-chip
(576-detector) array in the across-scan direction were:

e Average deviation from nominal position = 2. 3 pm

8 Maximum deviation from nominal position = 5.1 pm

In the along~scan direction, or along the chip common axis, the measure-
ments were:

& Average deviation from nominal position = 2, 5 pm

¢ Maximum deviation from nominal position = 5. 1 pm

From these test results, it is concluded that the maximum deviation from
the reference (best fit) line is:

e 0,28 (or 5.1 pm/18.0 pm) of the detector dimension in the
across~scan direction

® 0,23 {or 5.1 pm/22 pm) of the detector dimension in the
aleng-~scan direction

With the use of a measuring microscope, an imaginary reference line (best
fit) was developed which minimized the detector lateral excursion from the
reference line. For the 6-chip array, the maximum lateral excursion was
0.2 mil (5., 1 pm) and for the 18~-chip array, the maximum lateral excursion
was 0.3 mil (7.5 pm). These results are within the specification requirement.

In terms of resolution elements, the results of breadboard programs
indicate that a positional accuracy of about 1/4 resclution element has been
achieved, Expressed in terms of the linear dimension of an array chip,

the alignment error is less than 0.3 percent of that dimension.
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2e 6. 3 Problem Areas

When assembling and aligning chips in the detector arrays, two problems
were observed. First, due to manual alignment and assembly, there is no
mechanical control or agsistance present during the movement of the chip
into position. The operator must rely solely on manual dexterity. Occasion-
ally this will result in collision between the chip being aligned and an adjacent
assembled chip., This can result in a chip edge damage and possibly the loss
of an end photodiode.

" The second problem arises during chip positioning or alignment when the
chip carrier assembly is assembled to the baseplate. The fixing s rews are
lightly torqued so that further damped movement of the chip carrier assembly
in relation to the baseplate is possible. It is at this stage that final align-
ment takes place and is implemented by very light taps at suitable points on
the chip carrier. Due to the several variables, including variations in sur-
face roughness at the baseplate and chip carrier interface, and slight varia-
tions in applied torque, overshoot and undershoot may occur during alignment.
There is also the possibility that while positioning on the X and Y axis, the
chip carrier may commence to turn about the Z-axis (optical axis). This
adds complications and increases time required to complete the alignment.

Therefore, technigues used on the hreadboard were costly both in time
and materials, To eliminate this condition for future applications, a study
was performed to determine improved methods of assembly,

2, 6.4 Study Objective

The objective of the fabrication improvement study is to identify improved
methods of array assembly intended to improve manufacturing efficiency
and reduce cost.

Improved manufacturing methods will not only result in efficiency and
lower cost, but will also permit greater accuracy in chip alignment. There-
fore, it is reasonable to reduce the experimentally achieved deviation of 1/4

resolution element to 1/10 resolution element.
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Another important parameter is the chip Z-axis dimensional tolerance

and is directly related to focus. For the breadboard, this adjustment was

meade manually during the process of cementing the chip to the chip carrier,
This procedure resulted in lack of good control eof chip face angle and
coincident chip~-to~chip face position on the Z-axis.

Figure 36 shows the relationship between depth of field and £/No., for the
wavelength covered by the photodiode chips, assuming that the Rayleigh
criterion is a reasonable design objective, For a candidate future sensor,
an optical system with a focal ra.tio'of f/4 is required. It is seen from the
figure that the depth of focus for A = 0. 5 pm will be %16 pm. Improved
techniques will ensure placement of chip within this limit.

2. 6.5 Candidate Approaches

The operator skill required to align photodiodes on the breadboard model
detector arrays was of the highest order. It follows, therefore, that for
future applications, the number of operators available to perform such a
function will be minimal, and the skill required from the operator cannot be
guaranteed to be continuous. The degree of skill will vary from day to day
because of human factors., The higher the degree of skill required, the
lower the chances of maintaining such skill at peak level,

It ig clear that in a flight program involving many arrays, it would be
advantageous to find a way to reduce the necessity for highly skilled opera=-
tions with attendant low yield high cost and prolonged assembly time,

The type of equipment required te minimize manual skills must be of a
kind which eliminates the necessity for direct contact between the operator's
hands and the parts to be aligned.

The approaches available generally fall into two categories. The first
approach using micropositioners has certain disacvantages such as the
greater possibility of involuntary overshoot while positioning and the
possibility of mechanical crosstalk because of the need to control several i

axes from one source., All this can be avoided by using the second choice -
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whereby each axis movement is controlled separately, thus eliminating the
possibility of crosstalk. Direct axis movement would be implemented using
micrometer controlled positioning, The latter ensures smooth, damped,
predictable movement without overshoot. Tbus, this latter approach has
been selected as the preferred approach.

2. 6. 6 Preferred Approach

The preferred micropositioner, including the microscope used for
observation during positioning, is shown in figure 37 and comprises the
following: |

a. Detector Array Fixture

b. Goniometric Turntable, Phase Z

c. Extension Plate

d. Translation Stage, X-Axis

e. Translation Stage, Y-Axis

f. Laboratory, Z-Axis

g. DBaseplate

h, Device for Holding Chip Carrier during Assembly,.

Additional views of the micropositioner are shown in figures 38 and 39,
The entire equipment is mounted on the microscope stage plate. During
assembly of the development arrays, a microscope with total magnification
of 25X was used for observation during assembly, and 100K magnification
for final alignment, Illumination during assembly is obtained from a source
in the base of the microscope which provides a silhouette of the chip carrier
as it approaches its optimum position in the detector array., In this way,
an observed clearance can always be maintained while the carrier is moved
into position, thus minimizing the possibility of chip edge damage.

Before operating the micropositioner, the chip carrier will be placed and
held on an electromagnet so that the center of chip will be aligned with the
axis ¢+ ' the turntable, By appropriate setting of the various micrometer

controls of the positioning equipment, the chip carrier assembly will be
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Chip Carrier Assembly Micropositioner (Top View)

Figure 38,
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elevated to the level of the detector array baseplate and then moved to and
held in the desired position - at which time the chip carrier screws will be
inserted and tightened. The process will be repeated until the whole array
is fihally assembled. Figure 40 shows an exploded view of the array
assembly. Figure 41 is a view of the assembled chip carrier,

There are indications that, in the future, greater detector positional
accuracy will be required although not yet precisely specified. With this
in mind, the micropositioning equipment chosen will have the capability of
positioning chips within 1/10 of a resclution element. To achieve this
result depends on the use of high sensitivity micrometers and the rigidity
of structural members holding the positioning system together.

Due to the variation in chip thickness, it was not possible in the bread-
board program to control chip surface height variation in the image plane.
However, a jig has been designed (see figure 42) which reduces the variation
in height of the chip surface plane above the chip carrier mounting surface
to an acceptable value, The jig is constructed in such a way to make it
fully adjustable and capable of being set to a precise position by the use of
gage blocks.

In the sequence of chip=to-chip carrier assembly, the chip is placed face
down in the bottom of the jig resting on a reference surface. The part of
the chip in contact with this surface contains none of the circuitry or bonding
pads associated with the electrical-optical configuration and, therefore, no
damage to the aciive surface of the chip is anticipated. Physical contact is
made only with the bare silicon chip which presents a standard reference
contact for all chips.

The insertion of the chip will be followed by the chip carrier with chip
mounting surface facing down, The mounting surface contains a narrow slot

into which is pressed a preiyrmed epoxy film adhesive of suitable volume.
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With the chip carrier in place, there will be a gap between the chip carrier
mounting surface and the chip carrier jig contact surface. The gap is caused
by the thickness of the epoxy film now in contact with the underside of the
chip.

Upon application of heat to the jig of a temperature sufficient to cause the
film epoxy to flow, and upon the application of a light pressure to the chip
carrier base, the epoxy will flow and the gap will close. This will ensure
that the distance between the active surface of the chip and the carrier
mounting surface will be uniform on all chip carrier assemblies. Further
application of heat will cause the epoxy to cure. All chip carrier mounting
surfaces will be assembled to 2 common baseplate reference in the detector
array. This will keep the Z-axis chip surface deviation to a minimum.

There are many factors contributing to the quality of the final product.

Reference has been made to suitable equipment to assist in accurate position-

ing of detectors. However, the operator must have the means to observe
and check the accuracy of his operation. Not only must the positioning of
detectors be accurate, they rust be seen to be accurate.

This brings to mind the problem of seeing, During the assembly of the
development arrays, use was made of Leitz Simplex Microscope System,
and the accuracy of observation of this system depends upon the operator's
ability to achieve parallax focusing, Failure to do this causes an apparent
shift of the filar line in relation to the object being measured. This occurs
if the eye is unconsciously moved off the optical center., This may happen
after many observations and is probably due to eye fatigue.

A system that will eliminate subjective errors of this nature is the
Tele~-Microscope, a closed civcuit television system, This comprises a
leitz microscope, and a videc camera head and display. The camera head
is fitted to the microscope tube and replaces visual observation by the eye

through the normal microscope eyepiece, Unlike the human eye, the video
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head cannot move and parallax error is eliminated and thus improves overall
fabrication accuracy, A further added advantage with the Tele~Microscope
is the useful magnification up to 400X, and the electronically generated filar
lines displayed, Together with an associated measurement computer and
digital readout, measurements as small as 0.1 pm can be made provided
the edges of the photodiodes are sharply defined. Such a system will mean
faster and more accurate measurements with only moderate operator skill
requirements.

A flow diagram of the entire fabrication procedure for potential use on
a future flight program is shown in figure 43,

2.6.7 Fabrication Study Summaxzxy

The expari_entia.l learning gained from the breadboard program has been
extraordinarily beneficial in many areas. The experience gained in the
fabrication arrays has shown that it is totally feasible to fabricate long
arrays., Although positional accuracies of about 1/4 resolution element
were achieved, where 1/10 is 2 suggested goal, the experience gained in
this preliminary program strongly indicates that the latter positional

accuracy can be achieved for future requirements.
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APPENDIX A
MTF COMPARISON FOR IDEAL SYSTEM

U Throughout the text, several MTF measurements have been presented.
The data presented is for non-diffraction limited optical systems and square-

l‘J wave targets at £/4.7 and £/12. 8. It is considered of interest to include (in

this appendix) theoretical MTF for diffraction limited optics and theoretical
U detector response. Figure 44 compares the diffraction limited MTF (sine-

1
:
i
;
1
i
£
:

wave) of an /4 and £/2 optical system. Figure 45 presents the idezl square-
wave response of the detector {along scan) and the systemn MTF for various
lens parameters. The detector corner frequency relationship (on the nor-

j malized frequency scale) is detector center spacing/detector linear dimen-

sion in direction of MTEF.
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S | APPENDIXB S B
BREADBOARD LINEAR ARRAY- SCAN IMAGER NOISE PROGRAM S L

el | A computer program was written to Process the lineaz arraY data and pro-. |

S vide a rms noise output. The listing of the program is 1ncluded in figure 46.

‘“ S - 'I’hls program collects 576 samples ‘from each detector element at ea.ch

. J‘\:.

o of two input radiance levels, These" inputs are a.vera.ged to- prow_de a gain

- measurement for each element., The rms deviation from the average is .

= ' calculated for each element and referred to the input using the measured
; ga.ul factor.. A compos:.te noise lev-el is also determned. For the composite .

value, nonoperable elements are not mcluded.

PSPt TPy e | e ente v T

An additional feature of the noise program is to generate the quantizetion'

3 =

noise uncertemty for each element. 'I'h1s value is : aldo referred to mput

irradiance.
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APPENDIX C

FAILURE ANALYSIS OF A WESTINGHOUSE PHOTODIODE s

ARRAY INTEGRATED CIRCUIT 5

L This appendix is a failure analysis report performed by the NASA - e

Goddard Space Flight Center on a 96~element photodiode detector array. 1 33

Figure 47 is a copy of a Failure Analysis Report; figures 48 and 49 are

micrographs. 5
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GODDARD SPACE FLIGHT CENTER

FAILURE ANALYSIS SECTION_TREMIBATION pepgpr

Serial No. 29?9

NOTE

THE INFORMATION CONTAINED HEREIN 1S PRESENTED FOR GUIDANGE OF EMF LYEES OF THE
GODDARD 3PACE FLIGHT CENTER, IT MAY BE ALTERED, REVISED OR RESCINDED DUE TO SUB-
SEQUENT DEVELOPMENTS OR ADDITIONAL TEST RESUL Y4, THESE CHANGES MAY 8E COMMU-
MICATED INTERNALLY 8Y @THER GODDARD PUBLIZATIONS,

HOTICE IS HEREBY GIVEN THAT THIS DOCUMENT |5 DISTRIBUTED QUTSIDE OF GODDARD AS A
COURTESY ONLY TO OTHER GOYERNMENT AGENCLES AND CONTRACTORS AND IS UNDERSTOOD
TO BE QNLY AGQVISORY IN NATURE.

HNEITHER THE UNITED 3TATES GOVE T NOR ANY P ACTING ON BEHALF OF THE
UNITED STATES GOVERNMENT ASSUMES ANY LIABILITY RESUL TING FROM THE USE GF THE [N
FORMATION CONTAINED HEAEIN,

[ TASK DESGRIE Y 1QH (BRIEF] PRCJECT NAME
SRT
Failura analysls o ons Westinghouse A a0,
Eleciric Corporation photodicde array _311-160=20~53-40

integrated clreult.

INITIATED DATE

WEFGRTED BY UNYESTICATORIOATE MANHGURE THIS PEFIGD CoMPLETTBN DATE (ASSICNER!
H, Balusk 2/11/73
GAQUP LEADER DATE MANHOURS TOTAL SUBMFISION DATE
SUPEHVIIOR DATE STATUS
DATA REPORT IN
R. Grent . . [ restine [ anatvas [3 Arocess

4 wWeatinghouse Eleetric Corperation cusitom photodicde
array integrated eircuit (SN Alhk) faelled during system tests
of an SRT linear sensor circult at Westinghouse Eiectrie Corp.,
Baltimore, Maryland., It was reported that the shift reglgter
stage in one of the two halves of ths dle had an output which
remginad in a constant “loglc 1% state. The integrated cir-
cult was submitted to the GSFC Fallure Analysils Laboratory for
investipation.

The subject device (Figure 1) is a multilsysr, silicon,
monolithic integrated circult. The center portion of the die
econtains an array of 96 photodicde light ssngors. This arrey
ig flankad on each side by an M5 electronic sectlon vhich
contains 24 shift register stugess 24 aRD gates, and 48 ampli-
fisrs. {The dimensions of the dis are 1.47 miliimeteras (mm)
(%8 mils) x 5.33 mm (210 wmils)). There are three layers of
almminum contaet motallization which are separated by insu~
loting oxide laysrs. The dla surface is coverad with a pro=-
tective overlay. OCold wirss are used for interconnscting
to the dis metellization.

s

O ﬂaEVIEWED BY ODATE HEPORY 133MED

21074 (7771}

PROJECT MANAGER — COPY NO. 5
75-0298-VA-13

Figure 47. Failure Analysis Report (Sheet 1)
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GODDARD SPACE FLIGHT CENTER

FAILURE ANALYSIS SECTION _ TORMINATION gpepopt
(Continuation Sheet) Serial No 2979

PAGE 2 OF, k

. The submitted die, vhich was bonded to a gold sheet,
was received mounted on a stainless steel bloek with non-
conductive spoxy. It was not housed within a package. There
were no identification markings on the die. The intercon-
nection wires had been severed, presumably when the device
was removed from the falled eircuit.

The submitted intsgrated circuit was manufactured by
Westinghouse Electric Corporation, Advanced Technology Labo-
ratory, Baltimore, Maryland. The device wvasz not screenad or
incoring tested.

No functional slectrical tests could be performad
because all the intercomnection wires had bsen severed.

An examination of the dle surface using an optical
microscope disclosed two anomalies in the failed half of the
die: & severs scrape in a metallization stripe associlated
with the "%}, shift" bonding pad and one dark region on the
die surface vhere some of the metallization stripes appeared
to be irregular.

Pin-to-pin electrical tests of both the geod and failed
halves of the die surface were performed using a micromanip-
ulator in conjunetion with a curve tracer. These tests showed
that the B~ power supply pin associated with the failed half
of the die was copsn-circuited. No other serious anomalies
wvere detscted.

The die surfsce was.examined using a nctnninz-(:leetron
mieroscope. It was observed that the scrape in the *¥) shift"
metailixation stripe previously mentioned had nearly open-cir-
cuited this stripe. There were only small filaments of alu-
minum maintaining eontinuity (Figure 2a). This scraps appeared
to have resulted during probing of the bonding pads by the
manufacturer.

The region of the irregular appearing metallization
stripes noted earlier was examined more closely. This exam-
ination disclosed that several of the stripes been smeared
(apparently during manufaeturing) and that two o the stripes
were open-circuited. Une of these stripes was common with
tround and the other was common with ths B~ supply. In addi-

fon, therse was a small portion of apparently mel aluminum

R P L e T O I P

e e ]

310144 (7/71)

PROJECT WMANAGER — COPY NO. 5
75-0298-VA-44

Figure 47, Failure Analysis Report (Sheet 2)

97




L

e

GUDDARD SPACE FLIGHT CENTER

FAILURE ANALYSIS sECTioN _TORMINATION oopone
{Continuation Sheet) Seri
erial No.

L

PAGE 3 OF.

at the site of the opsn-circuited metallizatlon stripes
(Figure 2b).

{The opsn cireuit in the B- supply metalilzation
isolatad this pin froa all the other plus and sceounted for
the pin-to-pin elsctrical test results. 7The open civeuit in
the ground metzllization apperently isclated this pin from
soma, but not all of its npormal connsetions. This explains
vhy this pin wag not oper-cireuited during pin~to-pin tests.)

Electrical probing of the B* metallization (bsyond tha
point of the open eircult) dlsclosed that this metallization
was short-gircultsd to ssveral other points ineluding ground.
Bgeeuse of the damage to the dle, 1t wes not possible to dster-
mina whether or nst these short cireunlts contribated to or
resnlted from the failure.

Bezmoval of the various smetallization and insuisting
oxide layers and sdditlional 5BX sxaminations did not reveal
any further ancmelies.

Concluglcps

Although no functionmsl tagts could ba performed in
an atiempt to reproduce the szact reported fallure, the in~
veaiigailon nf the submitted integrated circult disclossd an
anonaly which wonld explaln why the falled helf of the die
would not fumction. The B™ supply linm was completely opsu-
clrculited and the growmd line was open-clreuited from some of
it= normanl connectlons. Based upon the melted sluminus
detscted at the site of these open circuits, 1t is eoncluded
that the damape resulted froa an alectrical stresa. Howsver,
it should be noted that those opsn~circulted stripes bad basen
smeared ipitiglly during manufacturing. It is possible that
thiz smem¥ing sither reduced ths cross-gectional ersa (and
ecnsequently, the current kendling capabllity) of the metal-
1ization or damaged the underliying insnlating oxlide betwean
metallization layers (permitiing & short clrcult batween
motallization layers to oecur). Theas factors mey have per-
mitted the failurs o oceur under normal sleocirical conditions.

The scrape detected in the "‘Fl.. ahifty matsllization
stripe 1s conslidersd to bg & seriscus reliambility hezard. This
demage can resuit in an open eircult or 2 short circuif be-
tween watellizstlion layers and cause & catastrophic fallure.

U

3014 A 17/71}

PROJECT MANAGER — CCPY NO. 5
75-0298-VA-45

Figure 47, Failure Analysis Report (Sheet 3)
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GODDARD SPACE FLIGHT CENTER

FAILURE ANALYSIS sEcTion TERHINATION Report
(Continuation Sheat) Seria! No. 297%

b &

PAGE.—...OF

Ing %o the complexity of the multilaysr construction
and ths high denaity of tha die in subadtied part typs, it
1s recomsended that in the future, siwilar perts be subjected
to atringent intsrnal mioroscopie exsminationa to sliminate
deviess containing defscts suehr as seirious tetallization
gerapes and smears. In sdditlon, all davicesz baing considered
for usa in GSFC high-reliability applications should be zcreen-
od and incoming taentsd.

s

e
L At

I10-14A (7/71)

PROJECT WAMAGER — COPY NO. §
75-0208-VA-46

Figure 47, Failure Analysis Report (Sheet 4)
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PHOTODIODE ARRAY

(B E gy s d a4 lt'a'rr'." lcr" T

il mum """"

AMPLIFIER/GATE
SECTIONS

SHIFT REGISTER
SECTION

FAILURE SITE .«
(SEE FIGURE C-3,

LOWER)
SCRAPE IN
METALLIZATION {8
(SEE FIGURE C-3 ' ' . - : -
UPPER) : ' It

15-0238-PA-47

i

Z4 SHIFT

Figure 48. Failed Half of Silicon Die of Submitted Westinghouse
Integrated Circuit - 65 X Magnification
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METALLIZATION

OPEN-CIRCUITED
GROUND
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Figure 49. Scanning Electron Micrographs of Anomalies Detected
in Submitted Device

101/102

B™ METALLIZATION




EAS T

S
 O—

APPENDIX D

WESTINGHOUSE FAILURE ANALYSIS REPORT ON FOUR PHOTODIODE

SUBJECT:

PROBLEM:

LINEAR ARRAY CHIPS (NAS 5-21806)

MICROANALYSIS REPORT #451
February 7, 1957

The Westinghouse Failure Analysis Laboratory was authorized
to perform a failure analysis of four 96-detector element pho-
todiode linear arrays. The chips were removed from the 18-
ch’ ) array developed under NASA contract NAS 5-21806,
Breadboard Linear Array Scan Imager. The purpose of the
failure analysis was tc determine the probable nature of
failures which occurred during system level testing.

Four (4) photodiode chips were submitted for failure analysis
with the following comments:

Chip 5 (229-9-68)

Alpha side - phrse B shorted to GND since initial turn on

Beta side = Bus C shorted to GND after 2 to 3 months
of operation

Chip 9 (262-7-35)
Beia side - Bus B shorted to GND since initial turn on

' Chip 10 (237-9B-38)

Beta side - VR shorted to GND since inifial turn on
Chip 14 (262~4-6) '
Alpha side - Bus A shorted to GND since initial turn on
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RESULTS OF ANALYSIS
The procedure used in this analysis was to mount the chips in 40 pin dual-
in-line packages {(for ease in handling), verify the shorts electrically, and
trace the shorted bus lines to intersections with GND areas to search for
possible physical damage.
Chip 5 - No shorts to GND were found on either side of this chip.
Figures 50 and 51 show scratches in the third metal shield.
Chip 2 -~ No shorts to GND were found on the beta side. On the alpha
side phase B, B, and bus B were all shorted to GND., Figure

52 gshows phase B, B™, and GND along with smeared metal from

Pad B~ intersecting all three (3) lines. (GND is third metal,
B~ and phase B are second metal lines.,) Figure 53 shows a
scratch in the third metal GND shield over the second metal
bus B line, Figure 54 shows scratches in the third metal

shield on the beta side (one scratch is over the second metal

bus B line).

Chip 10~ The V_ line was found shorted to GND on the beta side. Figures

R

55 and 56 show scratches in the third metal GND shield over the

second metal VR line.

Chip 14~ Output bus A was found shorted to GND on the alpha side,
Figure 57 shows scratches in the third metal GND shield aover
the second metal bus A line,

CONCLUSIONS

The shorts found on chips 9, 10, and 14 were low resistance shorts
(10 ohms). Based on previous work with chips of this type, these shorts
were probably caused by physical damage which breaks through the layer of
glass separating third and second metal, Shortirig of these metal layers
usually results. The B~ and phase B shorts to GNIJ were probably caused

by physical damage at the time of bond removal, as suggested by figure 53,
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-49

Figure 50. Scratches in the Third Metal Shield

¥4

75-0298-PA-50

Figure 51. Scratches in the Third Metal Shield
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Figure 52, 'This Photo Shows a Scratch Causing Phase B, B", and
Bus B all Shorted to Ground and Smeared Metal from Pad B~
Intersecting all Three Lines

75029—A—52
Figure 53, This Photo Shows a Scratch in the Third Metal GND Shield
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75-0298-PA-53

Figure 54, This Photo Shows Scratches in the Third Metal Shield
on the Beta Side

VR

WAl N AW
75-0298~-PA-54

Figure 55, This Photo Shows Scratches in the Third Metal GND Shield
Over the Second Metal VR Line
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Figure 56. Shows Scratch in Third Metal GND Shield
Over the Second Metal VR Line

Bus A 75-0298-PA-56

Figure 57. Shows Scratches in the Third Metal GND Shield
Over the Second Metal Bus A Line
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The information received with chip 9 may have been mislabeled since the
bus B short was found on the alpha side. Although no electrical shorts were
found on chip 5, scratches were found on the third metal shield. Heating
these chips during the mounting process may have caused previously shorted
intraconnects to open,

Although laser debris can be seen (by a skilled observer) in several pho~

tographs, the debris is not considered a source of scratches.
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‘of the staggered geometry and normalizing the data.

APPENDIX E

COMPUTER PROCESSING OF PHOTODIODE
LINEAR ARRAY DATA

This appendix describes the use of the computer in processing image data
on the breadboard program.

The computer has two primary functions in this program - reordering

tion, other capabilities of the computer were also used for image cosmetics
and data analysis. Although the listing in figure 58 is lengthy, the actual
function is not complex as can be seen with the simplified flow diagram in
figure 59, The following paragraphs provide a more informative description
of the computer functions.

The first information entered into the computer is the calibration data.
These are array outputs for each element at five predetermined radiance
levels. A total of 576 samples are run for each element at each level. The
computer averages these samples and stores the results for use in normaliz-
ing the picture data. While reading the tape data, the computer also smooths
malfunctioning elements by averaging between the two adjacent elements.

The next step is for the computer to read and store the image data.

During the reading of this data, the malfunctioning elements are also removed
by adjacent element averaging,. Two 576 element data lines are read into the
computer per tape access. The even numbered elements are stored for one
tape access interval and then placed into the storage arrav with the data
from the odd numbered elements read during the next interval forming a

576=-element line, This removes the two pixel delay (across scan) inherent

111
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in the staggered photodiode array. The elemental data values are compared
to the calibration data and, by interpolation between the nearest higher and
lower calibration values, normalized to a range of 0 to 255, A total of

1,728 lines of normalized data from each 6-chip section are accumulated in

a drum storage area until the scene data from all three sections have been
read,

The final step of a scene data process is to retrieve the data from the
drum %o form a single 1, 728-element data line, Values equivalent to each
of the five calibration levels are added to the data lines. This data is
recorded on a magnetic tape for playback on a film recorder,

Another benefit obtained from the computer usage was the obtaining of
noise calculations. The same scene software was used except the scene
processing was removed and an rms routine inserted. The rms deviation
from the average level was calculated using 557 samples, This rms value
was normalized {o the 0 to 255 range for easy comparison to the signal levels,
An rms value was then printed for each of the 1,728 elements.

The computer was also used to obtain a comparison of temperature data.
This was a simple plotting routine using the peripheral plotter, Room
temperature and 0°C plots were made of the da.k level for the 6-chip array.

The effects of temperature become readily apparent with the plotted data.
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APPENDIX F
DETECTOR TEMPERATURE TEST RESULTS

The data shown plotted in figure 60 is the measured dark level at +22°C

and 0°C using five bilinear staggered chips. Only the chip temperature was

varied. Each data point is the average of 576 samples. The channel gain is
2. 3 digital counts/mW/ mz. The plots show that at 0°C, a significant (= factor

of 4) reduction of the peak-to-peak difference in elemental offsets occurs.
This means that less of the dynamic range needs to be reserved for trans-

mitting offsets. It also reduces the temperature sensitivity allowing coarser

1 [ LJ

temperature control requirements,
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APPENDIX G
TEMPORAL TEST

A rigorous test for temporal stability has not been performed, therefore
no conclusion about time related drifts can be made, However, measure-
ments of offset in the room ambient environment were conducted over 2
3-month period during which the baseplate temperature was monitored.
Some of these results are plotted in figures 61 through 65.

Figure 61 data was taken over a period of 35 minutes with an initial
measurement made, one at 20 minutes and one at 35 minutes. Although
during this period the level changed, it was accompanied by a temperature
change of 2, 2°C., The magnitude and polarity of the change are consistent
with the change in temperature., The average change is only 6 pJ /1':12
equivalent input which indicates that, if a short term temporal change
occurred, its magnitude is very low and undetectable with the 1.4 pJ / m2
NEIL

A longer temporal run three runs over a 2-month period is shown in
figures 62 through 65. These again show variations attributable to the
ambient temperature differencers with little change in the general level.

There is again no evidence of a temporal drift,

123
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_J APPENDIX H

% EIGHTEEN CHIP ARRAY DETECTOR TEST DATA

; This appendix contains actual test data for a 96-element photodetector
L array chip. This performance data is typical of the chips used to fabricate
[Z) the eighteen-chip array.

S Included herein are six data tables which are:

2 Table 7 Summary Tables

=g Table 8 Response Minus Dark Current
[ ] Table 9 Quantizing Interval

2 Table 10 RMS Deviation

[ ] Table 11 Noise

75 Table 12 Linearity
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L APPENDIX I
t HP-8330A CALIBRATION REPORT
L
L
Westinghouse Electric Gorperation Industry & Defense Defense & Electionic Systems Centar
. Aerospace & Electronic Systems Division
J Fiiendship International Atiport
Box 746
dattimnze Maryland 21203
e Standardizing Leboratory

REPORT OF CALIBRATION

[ for
THERMOPILE

(Radiant Flux Detectors}
MFR: HEA MODEL: &330A SERTAL NO: 00520
Submi tted by

SDDE (Tracy)

— The relative spectral response of this instrument was determined by com-
parison to an EFFLEY thermopile equipped with a window of known spectral trans-
] mittance. A 250 mn monochromator with a 20 mm bandpass was used to provide the

monochromatic radiation.

The absolute response was measured at 632.8 nm using a helium-neon laser
as the source. The radiation field was 3.0 cm in diameter and was produced Kl
with & spatial filter and lenses. The calibration factor was found to be 96%. it

The uncertainties in the measurement arise from the repeatability of the
test instrument, stray light in the monochromator and non-uniformity in the
ragiation field.

Uncertainty of the relative response is estimated to be within + 2.0% with
the absolute response estimated to be + 5.08.

The relative response normalized to 632.8 nm with a calibration factor of
96% is tabulated in Table 1.
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For the Manager

Lot 4 oo 77

Senior Engineer

Test No: 75020606
Date: 11 February, 1975
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TABLE 13 —

i
RELATIVE SPECTRAL RESPONSE AT SELECTED WAVELENGTHS, d
NORMALIZED TO 632, 8 ntni

-

Wavelength Relative Spectral
{nmi) Response
500 0. 80

600 0.93
632, 8 1. 00
700 1,01
800 1. 00
900 0. 96
1000 0. 99
1100 1. 00
1200 1.08
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Test No: 75020606 . }
Date: 11 February 1975
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