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193. ABSTRACT

The results achieved under this program are as follows:

¢ A lahoratory facility featuring a demountable high beam velocity camera tube and

multi-purpose electronic console has been designed and built for evaluating infrared
vidicon retinae.

¢ Infrared imagery has been successfully demonstrated with Schettky barrier retinae
I in the demountable camera tube.

e It has been shown that metal-silicon Schottky barrier diode arrays suitable for use

as infrared retinae can be produced in a conventional silicon I, C. facility using
standard processes.

¢ Quantitative studies have been begun to characterize this new approach to infrared imagers”

¢ A new high performance sealed-off camera tube has been designed and built for aventual
use with these retinae. This tube features high beam landing voltage, meshless zon-

struction, and high beam current density. A subsequent report will deal with the details
of this new tube.
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L SUMMARY

A, Program Objective

The research deseribed herein was conducted to demonstrate the utility of
silicon intégrated circuit technology in addressing problems of cost and reliability
in infrared imaging systems. _§uch systems have, in the past, employed arrays of
individual detcctors (used in conjunctibh with mecﬁanical scanners) to respond to
the instantaneous radiation flux frem the corresponding point in object space as the
scene is scanned. Separate pre-amplifiers are often employed for each detector.
Furthermore, the detectors themselves employ exotic semiconductor materiais
tailored to the snecific spectral interval of interest, so that little commonality is
achieved in the development of devices. The rzsult is a technology characterized
by impressive performance but plagued by high system costs and less than optimum
reliability. If new and novel approaches to infrared imagery could be developed
which would provide comparable performance at reduced cost and with improved

reliability, tbe impact on military infrared technology would be substantial.

Silicon technology has, in recent years, produced a revolution in electronics
well known to all in the fields of engineering and science. It has found little
application in the infrared area, however, since silicon does not normally respoad
to infrared radiation of ‘wavelength 2. 1 um. If a suitable photoresponsive mechanism
in the range beyond 1 pn. could be developed ior use in silicon devices, the full weight
of a very impressive matorials technology could be brought to bear on infrared imagery,
and the dual problem of high cost and insufticient rcliability might be solved, Internal
1)

photoemission "’ in metal-silicon Schottky barrier diode structures has long been
known to permit the detection of infrared radiation of wavelength longer than the
fundamental absorption edge in silicon. After comparison with alternative infrared
photoresponsive mechanisms for use with silicon, this was selected as the one
offering the greatest opportunity for success. The detailed properties of the physical
process of internal photoemission dictated the direction which would be pursued in

applying it to infrared imagery.



B. Technical Approach

Internal phiotoemission in metal-silicon Schottky barrier diodes is
characterized by a relatively low quantum efficiency (~ 0.1%), so that imagers
employing such devices must employ more efficient sampling techniques than those
used in conventional infrared line scanners in order to achieve comparable
sensitivity. Oue well known way to achieve more efficient sampling is to employ
frame time integration. Television systems for the visible portion of the spectrum
typically use this method to enhance sensitivity before readout. Contrast in this
application is typically 20% or better, so that the minimum detectable signal 1s
set, not by fluctuations in the signal or the background, but rather by a fixed n-ise
source such as the input stage of the preamplifier. If one attempts to apply this
technique to the infrared, where low contrast conditions exist because of thermal

radiation from the backgrounc, several problems arise, viz:
e Detector saturation by background photon flnix.

® Non-uniformity in responsivity, when operating against a high
background, generates a fixed pattern "noise, " which while no
truly random, limits the ability to detect low level signals conveniently.

)

Analysis has shown "’ that these two problems can, with proper care, be controlled
sufficiently to permit the use of metal-silicon Schottky barrier retinae, operated

in the storage mode, out to the 3-5 um sper iral range. (This wide range of operation
is possible because of the high degree of uniformity which silicon technology

permits in the fabrication of Schottky barrier mosaics.) Consequently, storage
mode operation of metal-gilicon Schottky barrier diode arrays was selected as the

approach to be pursued.

Storage mode operation of diode arrays can be aclueved in "hard wire
accessed arrays, ' and in "electron beam accessed arrays." The latter approach
was pursued at the Space Sciences Lab of General Electric Co., with the goal of
producing an infrared vidicon employing as a retina a mosaic of palladium-silicon
Schottky diodes. This particular metal was selected because it procaces, on P-type
silicon, a barrier sufficiently low (0.35 ev) to permit detection out to 3.54 pm-

sufficiently far to demonstrate the basic feasibility of the approach while at the

2



same time not posing the more serious experimental problems of a 5 pm tube. The
first consideration addressed under this program was the selection of the mode of
vidicon operation to be pursued. Conventional vidicon camera tubes use elect ~on
beams which land at a few volts potential to charge individual picture elements
down to cathode potential. In tubes employing diode mosaics for the retina, diode
polarity is selected to assure that such charging reverse biases the diodes so that
aark current is kept to a minimum. In the vidicon under discussion here, diode
polarity is dictated by the desired long wavelengih cutoff. This polarity results in
a forward biased diode when used with a low landing velocity electron beam. Con-
sequently, a high velocity electron beam readout is required. In this mode of
operation, the beam lands with an energy sufficiently high to dislodge secondaries
with a yield § > 1. These secondaries flow to a nearby collector, with the result
that individual picture elements charge positively with respect to this collector

(and hence to the underlying P-type silicon). Thus, the technical approsch selected
was to demonstrate the feasibility of infrared imagery using an infrared vidicon tube
employing a high velocity beam to interrogate a mosaic of Pd-P type Si Schottky
diodes.

C. Conclusions
The results achieved under this program are as follows:
e A laboratory facility featuring a demountable high beam velocity
camera tube and multi-purpose electronic console has been designed

and built for evaluating infrared vidicon retinae.

Infrared imagery has been successfully demonstrated with
Schottky barrier retinae in the demountable camera tube.

It has been shown that metal-silicon Schottky barrier diode arrays
suitable for use as infrured vidicon retinae can be produced in a
conventional silicon I.C. facility using standard processes.

Quantitative studies have been begun to characterize this new approach
to infrared imagery.

A new high performance sealed-off camera tube has been designed and
built for eventual use with these retinae. This tube features high beam
landing voltage, meshless construction, and high beam current density.
A subsequent repost will deal with the details of this new tube.
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IL. TECHNICAL DISCUSSION

Four topics will be discussed in detail in this section of the report. These are:

® Overcll description of experiment
e Experimental apparatus b
® Retina design and characterization

e Imaging results

A, Overall Description of Experiment

1. Principles of Vidicon Operation

‘The experiment described herein was designed to demonstrate the feasibility
of infrared imagery using a vidicon tube in which a high velocity beam is used to
interrogate a mosaic of palladium~P type silicon Schottky barrier diodes. The ',
essential elements in such a vidicon camera tube are shown schematically in Figure 1.

These are the electror gun section, beam deflection section, and the retina section.

The electron gun section typically contains a thermionic cathode and several ¢ aer
electrodes for forming and modulating an electron beam. The scanning section

contains coils (electromagnetic deflection) or plates (electrostatic deflection) for

Sqpetiie s

deflecting the beam across the retina surface in a prescribed fashion. The retina
section consists of a photosensitive surface which can be charged (by the scanning
beam) r lative to its opposite (window) side. Light incident on the window side of

the retina will discharge the photosensitive surface, necessitating the flow of

additional current to recharge .he retina during the next scan. This recharging

1 current thus varies in time in a manner which is synchronized with the spatial
position of the scanning bean:, and hence the spatial pattern of incident light. I
constitutes the video signal. 'This current (IS) flows foxr a time tR’ the dwell time
of the beam on a given picture element. During this time the potential of this picture

element is restored to its equilibrium value. The charge deposited in the process

is 3

Q = Lty ® |
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The charge leaked off that picture element by light (QI) during the frame time,
tf , is (neglecting dark current)

Ipty =4 Y5

photocurrent
electronic charge
quantum efficiency

photon flux (photons/picture element/second)

In the cyclic state, Q_ = QL so that

D

If tf =1/30 second, and tR =1 usec, a storage mode gain of %R— =3x 104
results to offset the effect of low quantum efficiency inherent in metal-silicon
Schottky diodes for radiation of wavelength beyond the fundamental edge of silicon.
The equivalent circuit of such an idealized picture element is shown in Figure 2.
It can be seen that attainment of the high storage mode gain assumes that the
leakage of charge off the capacitor in the absence of light is minimal. To assure
that this conditiou is met it is necessary that the voltage applied to the diode be of
the proper polarity (reverse bias), and that the operating temperature be such

that the thermally generated leakage current is low. These two requirements

and their implications are discussed below.

a. High Beam Velocity Vidicon Operation

To permit the scanning beam to land on the retina, the comrion cide of any
diode mosaic must be biased positively with respect to the cathode. The floating
side of the retina will then be charged by the beam to a potential relative to the
cathode (and hence t¢ the common side of the diode mosaic) vhich depends on the
velocity with which the u2am lands on the floating surface. Conventional camera
tubes use electron beams which land at a few volts potential yelative to the cathode.

If the co.amon side of the diode mosaic is N-type, slow electrons such as these
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charge the floating side of the retina to a voltage sufficiently negative with respect
to the cathode to make it impossible for additional electrons to land. Thus P+
islands on N material become reverse biased, permitting storage over a full frame
time (N i islands on P material would become forward biased, and full frame time
storage would be impossible). Since the spectral range of both P+-N and N+—P
mosaics is identical, diode polarity can be selected to p:rmit low beam velocity
scanning. Metal-silicon Schottky barrier diodes, however, have ar additional
constraint placed on them. M orrder to achieve the desired long wavelength cutoff
in the infiared vidicon retinz, a metal-silicon system must be chosen which has

a low vulue of barrier height, ¢o. This is most easily achieved using high vrork
function metals (such as PdZSi) on P-type silicon. Such a choice, however, results
in a diode polarity opposite to that normally used in semiconductor diode retinae.
Consequently, these mosaics must be scanned with ¢lectron beams which land with
an energy sufficiently high to dislodge secondary electrons with a yield ¢ > 1. An
individual szsi island will therefore charge positively under a fast beam to a
potential, VF T determined by the mesh (mesh stabilized operation) rather than to
a potential determined by the cathode, as occurs in low beam velocity scanning,
VFT can be deiermined for the highly idealized case of a homogeneous retina as
follows. Assuming that the secondary electrons are Maxwellian one obtair < the

@),

following equations" ’;

po
di
v = / —2 GV = i exp (V./V) @)
g ay, Tz s FT
FT

where IM = current of sacondary electrons going to the mesh
i g~ secondary electron current generated at the floating target
VZ = energy component of secondaries normal to plane of target

V = average energy of secondaries

The net current supplied by the beam to the floating target is the difference be!ween

the primary beam landing and the secondaries going to the mesh, which is




r=Ig-Ly; = IB-iSexp (-VFT/V)

= 15 |1 -6 exp (-VFT/V)]; Vpp 2 0 (5)
= I3 (1-p) ;VFTgO (6)

where iS = 5I.B
IB = beam current

The floating target will charge to a voltage VFT such that IT =0, if possible.
This will produce

Vip =V 406 (7)

where VFT is positive relative to the mesh. Thus if the common side of the diode
mosaic is biased negatively with respect to the mesh, the net voliage between the
PdZSi island and P silicon is such that the diode is reverse biased. If we neglect
interactions between the Pd281 islands and the SiO2 between these islands, a faut
beam scanned across the diode mosaic in raster fashion will charge the metal

toV Photocurrents can then discharge the target surface down toward mesh

FT'
potential durinyg the frame time, so that a signal will be generated between retina

and mesh when the beam returns to a given spot during the next scan.

b. Long Wavelength Cutoff Vs, Operating Temperature

The quantum efficiency (y) of the internal photoemission process in

metal-silicon Schottky diodes is low, as shown by the following equation (1)

2
(hv-9)
y = CA —p—— ;h20 (8)
where C = constant~ 0.2/ev
A = optical absorptancc in metal
(250 = height of metal-silicon barrier in e.v.

If the barrier height is selected to permit detection out to a cutoff wavelength

Ao (xo = 1.24/¢O), the reverse leakage current I0 is affected, since(4)




*x 9 !
Io = A T exp (—q¢o/kT) 9) E:

b
i
N

*
where A = modified Richardson constant.

The reverse leakage current must be such that the charge leaking off a diode in a

frame time is less than the charge on the diode

Lt < SVp (10)

where CD= diode capacitance

V = voltage across diode

It must also be less than the maximum charge which the beamn can deposit in one
read time, tR .
Ity < Ig(s-1tp (11)

where IB (5 - 1) is the maximum current which the fast beam can deposit on
the retina (cf. equation (5)).

tR is the time the beam dwells on an individual picture elument.

Because of the high specific capacity of diodes, and the limitations on beam current
available in camera tubes, equation (11) is a more difficult condition to meet.
Using thit: equation, the temperature to which the retina must be cooled for a given
long waveiength cutoff can be determined. For the retina design used herein,

0
operating temperatures < 110 K are required.

2. Description of Demountable Tube and Related Equipment

To permit the evaluation of different retina designs and different electron
beam scan configurations, a demountable camera tube was designed and built.
This tube permits a retina to be scanned on one side with a suitable fast beam of
electrons {(with provision for collecting secondaries), while the opposite side is
being exposed to the optical image. Retina cooling is achieved by radial heat flow
to a suitable heat sink. Figure 3 depicts such a demountable camera tube, showing
the main features of the system. The vacuum, electronic, and cryogenic subsystems

are discussed below.

10
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a, Vacuum Subsystem

One of the major problems encountered in operating a demountable camera
tube is tha. of establishing and maintaining good emission from the thermionic
cathode used in the electron gun despite the need for repeatedly opening the system
to change retinas. The approach used in inis program was to use standard electron
guns of the type employed in the GE Z7966 3-inch image orthicon carnera tube.
Such tubes were obtained from the factory, with the image s~ction remowved, before
the cathode was activated. The problem then became one of activating the cathode
in situ, and protecting the cathode after activation by good vacuum technique. The

more important features oi the vacuum system are described here.

The vacuum system employs a Welch 2-stage Duo-Seal mechanical pump of
25 L/M capacity, with a cold trap to reduce oil contamination of the camera tube.
The high vacuum pump used is a Hughes 30 L/sec ion pump, which is sufficientiy
fast to handle the 3-liter volume of the tube adequately. (Pressures in the neighbor-
hood of 3 x 10_7 Torr are readily obtained). After roughing the system, and before
turning on the ion pump, the glass part of the system is baked overnight with
heating tapes to drive off adsorbed water. Then the cathode barrel is heated using
an R.F. induction heater. Power is slowly increased uatil the barrel glows dull
red, then it is reduced sufficiently to eliminate the incandescence and allowed to
bake for 1 hour. The tube is then cooled and the ion pump is turned on. To prevent
condensation of residual water vapor on the retina, a 120 cm2 Meissner tiap is
pre-cooled. Using this large surface to cryo-pump, system pressure can quickly

be reduced from 3 x 10—7 Torr to 3 x 10—8 Torr.

b. Electronic Subsystem

The electrical and electronic functions needed to operate the demountable
tube include those associated with beam forming and deflection, video processing,
and display, in addition to the required power supplies and monitoring equipment.
These are discussed in Section II-B below. Aspects of the electronics peculiar to
the demountable tube itself deal with cathode activation and the baffle. Figure 3
shows a cooled baffle in the gun portion of the tube, designed to baffle optical

12
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radiation from the hot cathode. This baffle consists of two on-axis apertures
separated by an off- axis aperture located one node from each. By applying equal

and opposite d.c. deflection fields in each chamber of the baffle, the electron

beam can be threaded thru, while optical radiation from the beam defining aperture

in the gun section is completely blocked. After emerging from the baffle, the beam
can be deflected in the normal fashion to produce a raster scan. (The baffle structure
is made of alumina in the deflection section, while copper is sufficient for the baffle
section, since the use of d.c. deflection fields there prevent eddy current losses

from being a problem.)

The cathode used in the demountable tube is a standard oxide cathode, activated
in situ using conventional activation procedures. It has been found that once activated,

a cathode will usually permit 5 to 10 exposures to ambient pressure before emission

degrades substantially.

Early in the program, the decision was made to operate the tube with the
cathode at system ground potential, and the retina assembly above ground. This was
done to avoid possible problems with the cathode blanking circuit and to simplify
isolation between cathode and filament. In hindsight this was a mistake, since it
complicates retina cooling immeasurably to have the retina several hundred volts

above the heat sink. A system redesign to correct this should be considered.

C. Cryogenic Subsystem

Figure 3 shows a cold finger originally designed to provide retina cooling.
Experience showed, however, that such a feature was unable to cool the retina
sufficiently, by itself, and was unnecessary when flowing liquid nitrogen was used

to cool the retina holder as well as the Meissner trap.

The retina assembly shown in Figure 3 was designed to facilitate retina
cooling., The germanium disc serves as a cooled long pass filter. The sapphire
disc, in intimate contact with the retina, increases lateral heat flow to the cold
retina holder, while at the same time providing needed electrical insulation between

the silicon target and the retina holder, which is at system ground potential.
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3. Ratina Design

The particular material system selected for this purpose was palladium on
P-type silicon, Palladium forms a stable silicide having a barrier height of 0.34 ev
on I'-+ licon, giving a long wavelength cutoff of 3.65 um. The mask set used produced
a 34 mm diameter array of 8 um square diodes on 10 um centers. Cuts were made
in this pattern in a 0.5 pm thermal oxide grown on 2-inch wafers of P-type silicon

of ‘wo different resistivities, 3 ohm-cm and 16 ohm-cm. Palladium of two different

(o] (o]
thicknesses (500 A and 5000 A} was deposited and swiered at 270°C ivc 5 minutes

in 50:50 H2 s, N Unreacted palladium was then etched off without removing the

szsi, leavingzthe desired diode pattera. Ohmic contact to the P-region consisted
of an annular ring, 0.125 inch wide and 2 inches O.D. of sintered platinum on the

side uf the wafer opposite to the diode array. (The iorward voltage drop calculated
for the Pt-Si contact at 1 pA is 70 mev.) Figure 4 shows a photograph of a finished

retina at ><1 and X1000,

P- N junction diode array vidicon targets suffer from problems of surface
inversicn which storts adjacent diodes. This problem will not bother cooled Schottky

diode vidicon targets for two reasons:

(1) There are no means for generating minority carriers in the bulk to
re-supply an inverted surface. Thermal generation is minimal, especially at the
target operating temperature of 770K. Optical generation of minority carriers
requires photons of ) < 1.1 pm, which are filtered out by means of a germanium

pre-filter.

(2) In the case of adjacent metal islands sitting at different potentials, any
minority carriers initially present at the surface will flow to the appropriate island,
but the other island cannot serve as a source of additional minority carriers, since

its barrier to minority carriers is higher than its barrier to majority carriers.

As a result of this freedom from surface inversion, it appears that these
retinae will not require a resistive sea. In view of the lack of information on the

properties of resistive sea at 770K, this development is a happy one.

A more detailed discussion of retina characteristics is given in Section I1--C

below.
14




Figure 4. Photographs of Retina at X1 and X1000 Magnification
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B. Experimental Apparatus

In addition to the demountable camera tube described above, the experimental
apparatus used in this program consisted primarily of an electronics console, and
an optacal bench. The former supplied to the demountable tube the functions of
beam forming and deflection, video processing, and display. The latter was
designed to permit measurement of retina response and initial imaging experiments.
Once the feasib.lity of imaging was demonstrated, and sufficient experience obtained
with retina behavior under a high velocity scanning beam to warrant quantitative
studies, the optics was upgraded to permit measurement of tube transfer character-

istic, square wave response, resolution element size, etc.

1, Electronics

Figure 5 shows the block diagram of the electronic subsystem used in this
experiment. It supplies four functions, viz. beam forming, deflection, video
processor, and display, all contained in the test console shown in Figure 6. The

details of each of these blocks is given elsewhere, ) and is summarized below.

Q. Beam Formation

'The beam formation functions supplied by the electronics console include the

following:

Cathode activation

Filament supply

Voltage supplies for G1, G4, G6, mesh and retina

Focus and alignment coil current supplies and regulators

H & V position

Offset controls (these control fields used to thread beam thru baffle)

Panel mounted meter and rotary switch permitting all D, C. tube
currents and voltages to be monitored readily

Cathode blanking/Variable integration period control

Each of these functions is discussed below:

16
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Photo of Electronic Console.

Figure 6.




i. Cathode Activation

The eathodes used in the demountable tube are aetivated in situ using the
circuit and schedule shown in Figure 7. The filament (heater) current and G1
voltage are supplied by the eleetronics console, and the progress of aetivation

is monitored there by observing cathode current I} on the digital panel meter.

ii. Filament Supply

Commercial GE Z7966 3-inch I. 0. .abes require 0.6 amps filament eurrent
in operation. The less than optimum cathode aetivation conditions imposed by the

use of a demountable tube foree the use of higher values, especially after repeated

cycling. Thus, filament current is continuously variable over the range from
200 ma (filament standby current level) to 1 ampere (maximum filament operating

ewrrent).

iii., Voltage Supplies

G1 is the control grid of thc demountable tube. When varied over the range
';J from -10 voits to +1, it varies cathode current (Ik), and hence beam current,

from eutoff to saturation.

G4 is the designation assigned to the copper baffle. It is operated between
+130 and +185 volts above cathode potential (system ground).

G6 is the designation assigned to the metallization on the inside of the
ceramie section of the baffle nearest the rctina, It is operated +25 volts above

thec mesh, {o assist in collecting seceondaries gencrated off the mesh by the fast

e |

beam.

.;. The mesh most frequently used is a 750 line per ineh copper structure formed by
. . electroforming and stretehed over a stainless steel frame in such a way that the

mesh can be brought arbitrarily elose to the retina surface. It has a transparency
. factor of 61%, and ean be biased anywhere over the range from 0 volts to 1000 volts

above system ground.

i The retina eontact ean be biased anywhere from -40 volts to +40 volts

relative to the mesh.
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ive Focus and Alipnment Coil Supplies and Regulators

Two focus coils are used in the demountable system because of the extra
tube length necessitated by the baffle. Regulation is achieved thru the use of a
conventional differential D.C. amplifier which compaves the voltage drop produced
by the focus current flowing thru a precision resistor to a fixed regulated voltage

source. Each supply can be varied over the range 0.55 to 1.1 amps D.C.

The «lignment coil requires a small direct current to compensate for mis-

alignment of the gun. We have never found it necessary to use the alignment coil.

V. Horizontal and Vertical Position

These controls permit the horizontal and vertical center of the scan to be

adjusted by passing a direct current thru the H & V deflection coils.

vi. Offset Controls

These controls permit the direct current fed to the offset (vertical direction)
coiis to be varied, enabling the electron beam to be threaded through the baffie of
the demountable tube.

vii. Panel Meter

Because of the need for extreme flexibility in research equipment of this type,
provision was made for monitoring a wide range of parameters which in a practical
demonstration system would be fixed. A twenty-three (23) position switch allows
selection of 23 test points whose readings appear on a digital panel meter. The
test points include D.C. power supply voitages, camera tube electrode voltages
and essential current readings. A variety of signal conditioning circuits is required

to permit all these quantities to be displayed on the same meter.

viii. Cathode Blanking/Variable Integration Period

To guard against retina bum in the event of sweep fai’sre, a camera blanking
circuit was employed which drives the cathode positive with respect to Gl, into
cutoff when sweep ceases. (This control circuit can be bypassed if unscanned
measurements are desired.) The same circuit permits a switch selected integration

period. In this mode the beam can be cut off for a specified number of frames

21




(2n fields where 0 < n < 7) after which the retina can be read out in a separately
specified number of frames (Zmﬁelds where 0 <m < 7). This capability permits
the effects of retina leakage to be determined readily.

P

b. Beam Deflection

The deflection functions supplied by the console include the following: ) f:

Sync generator 3
H & V Sweep Generator
H & V Deflection Amplifier

1 ie Sync Generator B

The sync generator selects the desired frame and line rates. Inthe standard

mode, the horizontal frequency is 15.750 kHz, and the vertical frequency 60 Hz
3 with a positive 2:1 interlace for a 30 frames/sec picture rate. In the variable mode,

the vertical frequency can be reduced frcm 60 Hz to 1.875 Hz in six discrete steps |

of ratio 2X. In this case there are 525 lines, non-interlaced, per frame. To view | ‘.

images in this mode an X~Y monitor is required (instead of the standard TV monitor), |

S0 there is no need for the 2:1 interlace feature. The low frame rates will result

The horizontal (H) and v ertical (V) sweer generator generates the necessary

in picture flicker anyway, even if interlace were u.sed, and removing it will result
in smoother pictures and eliminate some of the interlace problems normally
b associated with television display systems. 3
23 ‘?\
ii. H & V Sweep Generator -
;

H and V sawtooth voltages to drive the X-Y display and the H&V deflection amplifier.
The output of the sweep generator is a fixed sawtooth amplitude for each frame and
line rate selected. The frame and line rate selection is made in the sync generator.
The sync generator supplies the necessary H and V sync pulses to drive the H&V

] sweep generator.

The sweep generator saw:ooth outpit has a controlled offset that is used for

picture centering or picture offset. This is possible because of the D.C. deflection

=
ey

amplifier which is direct coupled to deflection yoke.

Lt g™

"
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=]

§
§
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iii. H & V Deflection Amplifier

The horizontal (H) and vertical (V) deflection amplifier converts the voltage
sawtooth input from the H&V sweep generator to a current sawtooth to drive the

horizontal and vertical deflection coils on the vidicon camera tube.

The horizontal deflection amplifier limits line rate and essentially the frame
rate of the system. The deflection amplifier limits its flyback voltage peak to
approximately 35 volts. With a low inductance yoke (50 microhenry) a sweep of
3 amperes is required for one-half deflection or 6 amperes for full deflection and
a flyback period of 10 to 12 microseconds. To reduce the flyback time, a higher
flyback voltage limit or a lower inductance yoke is required. A lower inductance

yoke would require a higher swe<p current sawtooth.

The deflection amplifier includes offset power supply voltages. In.‘tead of the
+35 volt supply a +50V and -20V supply is used to increase the flyback voltage limit,
but it requires additional power dissipation at the quiescent point because of the

offset,

The limit of line rate 60 x 525 = 31.5 kHz was selected to allow approximately
a 2 to 1 active to blanking time ratio. Higher frame rates would increase line rate
and result in the blanking (flyback) period being a large portion of the total line scan
period. Since the deflection yoke is D.C. coupled to the deflection amplifier, the

low frequency scan rate poses no such problem.

c. Video Processor/Preamplifier

The functions supplied in this area are those involved in amplifying and
conditioning the video signal to the level necessary to operate conventional TV
monitors. The preamplifier, several versions of which are described below,

amplifies the low-level video signal from the nanoampere level extracted from che

retina to several hundred millivolts, at which it is passed on to the video processor.

The bandwidth can be tailored to be sufficient to the resolution the retina is capable

of, and no more.

The video processor amplifies the output of the preamplifier to 0.7 to 1.0 volts

peak video, as required to drive the monitor. In addition, the video processor
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includes peaking circuits to compensate for bandpass roll-off effects which might
be present in retina or preamplifier. Also included is a D.C. restorer, and the
circuitry needed to add to the video the blanking levels for zero black level. Video
processor output can be either composite or non-composite, and can be supplied

either normal or inverted.

i. Preampiifier

One of the key tasks of this program is the determination of the preamplifier
configuration best suited for use with Schottky diode retinas used in high beam
velocity, direct target readout, vidicons. The preamplifier must be A.C. coupled,
to separate the video from the high D.C. voltage at which the retina rides. We
can assume that, between macsh and retina leads, the preamplifier will see the diode
capacitance in series with the capacitance from metal islands to mesh. The latter
should, for typical mesh spacings, be in the neighborhood of 10 pf or less. Thus,
parasitic capacitance to ground between retina and preamp input should be the
dominant pre-amp input load factor. Since in a demountable system, such parasitics
are difficult to control, it is not clear whether adequate system frequency response
can be obtained with a high input impedance preamplifier. It may be necessary to
resort to low input impedance configurations, even if system noise figure is degraded
somewhai .\ the changeover. If extremely small target to mesh spacings are used, mesh

capacitance can rise substantially, making low Zin preamplifiers essential. (See Appendix)

Preamplifier evaluation has not been completed as yet, but two modifications
of low Zin configurations have been studied. One (referred to henceforth as type "A"
preamp) is a transimpedance amplifier with a buffer stage ou the output. The second
(type 'B") employs a grounded base input stage to achieve low Zin' No feedback is
used to reduce open loop gain. Instead, emitter regeneration is used to control
gain stability. Table 1 gives some important parameters of these two preamplifiers.
This data was obtained as follows: Using a bar generator, the transimpedance was
determinec’ by measuring the output voltage for a given input current. Then, the
wideband peak-1>-peak noise was determined under given conditions of capacitive
loading on the input. Usinzg ;;his value of output noise, the equivalent rms output

6

noise voltage was obtained '. From the rms output noise and the transimpedance,

the rms input current noise was obtained. (For each value of C.’ gain and bias
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Table I
3 Transimpedance Amvlifier with Video Buffer
Cin =0 Cin =300 pf Cin = 1000 pf
: 6 6 6
i Transimpedance 1.2 x10 1.3x 10 1.4x10
Output Noise 30 mV 50 mV 70 mV
1 ‘ (peak-to-peak)
Output Noise 5 mV 8.3 mV 12mV
1 (rms)
; Input Ne.se 4.2 na 6.4 na 7.1 na
(rms)
Grounded Base Pre-amplifier
. 6 6
Transimpedance 0.55x10 =-=--- 0.51 x 10
; Output Noisce 15mV. e 40 mV
: (peak-to-peak)
d Output Noise 2.5mV. e 6.7mV
g (rms)
) ; Input Noise 4,6 na 0 —eeee 13 na
(rms)
&
-"J
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A

were re-adjusted for stability, so that the values obtained for RT are not the same.)
Studies are continuing on both of these pre-amplifier types, as well as candidate

high input impedance designs.

d. Display Subsystem

The display subsystem consits of an A scope (for displaying waveforms and
individual lines of video) and a C scope (for displaying images), both mounted in the
electronics rack. It also consists of a line selector, and video tape recorder with

separate display, all separate from the electronics rack.
it C Scope

The television display is a Hewlett-Packard HP-1300. It is basically an X-Y
display that requires sawtooth inputs for vertical and horizontal scan. - alternate
video processor video output includes the composite video output signal to drive a
conventional 525 line, 2 to 1 interlace, 30 frames/sec television monitor. This

output is useful, when the vidicon camera is in the standard TV mode.
ii. A Scope

A dual input oscilloscope, Tektronix Model R432 is used to select a frame
and/or field of video as well as a line selector video. The line or lines of video

displayed upon the oscilloscope will be shown on the TV display monitor via a bright

or dark line.

2. Optics

The optical subsystem for use in this facility is designed to permit the
measurement of resolution, uniformity, and spectral response of infrared vidicon
retinae mounted in the demountable camera tube. Refractive optics are used
which were designed for minimum chromatic aberration over the range
1.8 um < ) < 3.5 um. These optics are mounted on an optical bench coaxial
with the demountable tube. This bench also supports the filter assembly, precision
apertures, stencil patterns, irises, etc. The black body source is positioned
axially with the system at the opposite end of the optical bench. The parameters

of interest of the cutical subsystem are as follows:
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;' , a. Refractive Elements

Two Servo Corporation Ge-Si achromat doublets, four inches in diameter,
with twelve inch focal length, are used, providing an F/3 capability. (The price
paid for achieving the demountable feature in the test facility is a retina position
which is much deeper into the tube from the front window than desired. As a result,
the maximum usable F number for external optics is F/3.) These lenses have
0.2 milliradian resolution on axis, and 0.4 milliradian at the edge of a one inch
field of view. They are coated for maximum transmission over the range

2pum < )< 5pm,

b. Black Body Source

Temperature range

A 50°C to 1000°C

: Stability (long term)

. £0,5°C

: Apertures

‘ 1.0, 0.6, 0.4, 0.2, 0.1, 0,05, 0.025, and 0.0125 inch diameter

Cs Filters

Neutral density
Densities - 0.15, 0.3, 0.5, 1.0, 2.0 plus blank substrate
Substrate - quartz

Calibration - % transmittance vs. ) from 0.2 to 2.5 um

Size - 2 inch square

e

Bandpass

Center ) - 1.8 pm, 1.9 pm, 2.0 pm, 2.1 ym, 2.2 pm, 2.3 pm
2.4 pm, 2.5 pum, 2.6 um, 2.7 um, plus blank substrate

Bandpass - 0.1 um

5 Size - 1 inch diameter
d.  Accessories

Various pinhole patterns and stencils of the type used in determining spatial

',“ resolution are available.
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C. Retina Characteristics

The single most important task in this whole area of research was that of

demonstrating that mosaics of metal silicon Schottky barrier diodes, fabricated

in a conventional integrated circuit facility, could in fact produce images at
wavelengths longer than the fundamental edge in silicon. To accomplish this task,

several raquirements must be imposed on the retina, which can best be described

by considering the schematic diagram of a Schottky diode under a fast electron

beam (Figure 8).
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This beam is assumed to generate g IB secondaries where § is greater than 1.
The nuinber of these secondaries which can escape to the mesh is determined by

the target to mesh voltage, VTM' If the secondaries are assumed to have a Maxwellian
energy distribution with an average energy V, then the current of secondary electroas
which can escape to the mesh is given by

-V
I = §I exp —— (12
S€C 1 B v

Of these, IB will be equal and opposite to the primary beam flowing to the target
from the cathode. There thus appears to be a currer’ °f electrons, I‘B’ flowing from

cathode to mesh, and a net positive current fiow from target to mesh given by

-V
. ™
I = o™ %
-V
™
= -lg(s-1) + 5l (1-exp — ) (13)
v

The current in the first term on the right of equation (13) is independent of the

target to the mesh voltage and behaves like a current generator driving a positive
current from mesh to target if § is greater than 1. The second term on the right

of equation (13) represents a current controlled by the target to mesh voltage. This is
describable in an equivalent circuit by a voltage dependent resistor, r,, in parallel
with the current generator described by the first term. For a Maxwellian energy

distribution, Iy is by definition

/r, = dg“B(l"e"p—:?L)§

b
dVTM
-V
™
) —
= —_I:B T (14)
A%
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;(i There is also a target to mesh capactiance, Copye In parallel with r, and the !
current generator I‘B (56 - 1)« An equivalent circuit for the particular element 2
1 shovm in Figure 8, may thus be described by Figure 9. Here the diode is ]
represented by the parallel combination of a resistance ¥y a capacitance CTS’ : _*;'
I and a current generaior, RH where H is the radiant power incident on the diode, ‘
% and R is the responsivity of the diode in amps/watt. ) ! f-
> Q E
5 G}
_ 3 g :
| ¥ e [ |
I g = L‘! I
™ J TS I, |3
MESH r SILICON i
T, D :
o) 1
, —0 O-&- ®
= - RH :
L=T(s-1) ]
f'. ! .zj
3 Figure 9. Equivalent Circuit for the Element in Figure 8 F
4 |
The switches in iiie mesh to target loop are closed during the read time, tB’ when i
f the electron beam is on the diode, and are open during the remainder of the frame
| time, tf - tR, which we shall refer to as the storage time.
, I in the steady state, no current were flowing out the Si, the current, A
(5 = l)IB, would flow thr, - h the resistance rb, and the voltage VTM 0 would be
;,_ determined from (13) as
‘- ~ ' T™MO ) :
: _ - . B SR g
(-1 =5 IB_(I i 4 , 3
; which yields 4
l _
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In the operation of the tube,

<
ONVTMSV

T™O

Thus from equations (14), (15), and (16)

= —_—
=t= S r

<
Sk b

For § not too different from umity, ry does not vary appreciably over the operating

)

range of the tube, and the equivalent circuit of Figure 9 is conceptually quite
useful. rh and CTS will both be voltage dependent, but these dependences are
reasonably well understood.

If there are a total of N diodes on the target, the equivalent circuit of the
mesh to Si loop is represented by il loops like Figure 9 in parallel, plus a mesh

to Si capacitance, C,, . also in parallel with these loops. Thus the entire mesh to

Si circuit appears a;v[ s.shown in Figure 10. Characterizing retinas for use

in this program requires determi;:ing the values of the components shown in the
equivaient circuit of Figure 9, and determining the ranges in tube bias levels
over which this equivalent circuit applies. This can be done either by actually
measuring the target current of the tube as a function of landing voltage, silicon

to mesh voltage, light level, etc., or by a combination of these tube measurements
and measurements on the retina itself using hard wire contacts instead of electron
beam contact. The former is preferable, since only for this case can we be svure
that the measurement conditions are identical to the conditions encountered in
operation. The latter type of measurement can however be useful if interpreted

correctly.

1.  Retina Measurements Made Using Hard Wire Contact

Figure 9 shows the importance of the leakage resistance of the diode, Tps

and diode responsivity, R, in determining retina performance. It is desirable to

perform measurements of r_ and R on retinas with a metal layer (later removed)

D
ccnnecting a number of elem ental diodes into one large ''diode, " if it can be shown

that such measurements provide data relevant to the case where contact is made

e T e T ety
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with an electron beam. Figure 11A is a schewatic of a metal silicon Schottky )
barrier array vidicon target as it might be used in a camera tube. Figure 11Bis

a schematic of the same device with a metal overlay.

' To determine the effect of the large perimeter to area ratio of an overlaid device
g on its current-voltage characteristic, it is necessary to examine the electron energy
diagram at the perimeter of a metal island. Figure 12 shows such a diagram where |3
the metal contacts the silicon directly (M-S contact), and where the oxide layer sits l _i
between the metal and the silicon (M~O-S contact). Figure 12A shows these two
diagrams for zero applied bias. The M-S contact is characterized by a barrier i
. heigh. \750. In the M-O-S contact, the energy difference between the metal Fermi ‘
1 level (F.L.) and the valence band edge is given by the silicon surface potential, ¢S.
¢S is determined by the charge concentration in the oxide, work function difference,
4 etc., and may be less than ¢o. Electrons at the Ferms level in the metal on plane
AA' in Figure 11B will see a barrier height ¢o in the x-direction, and ¢S in the
y-direction. As the metal bias is varied relative to the silicon, ¢S varies while (250
is constant. This occurs since the metal F. L. is the same in both the M-S and
M-O-S contact, the semiconductor Fermi level is the same in both cases, and some

of the potential difference appears across the oxide in the M-O-S case while all of

e e
A o sl

it drops across the depletion layer in the M-S case. Thus, if ¢S (V=0) < ¢o’

current flow at the periphery will dominate the diode. i

On the other hand, if the I-V characteristic obtained for the device of Figure 11B
is a well behaved Schottky diode, then this would indicate that the large perimeter-to-
area ratio was posing no special problem, and T, can be determined from measurements
made with hard wire contact.

a. Current-Voltage- Temperature Measurements

I-V-T measurements have been made on structures prepared as shown in

Figure 11B. Forward characteristics obtained in this case agreed well with the

4)

theoretical relationship given by

IF = AA*’.[‘2 exp - (q¢B/kT) [exp KT 1] (18)
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3 Figure 11
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Figure 12

Electron potential diagram of Mctal - P silicon
Schottky diode, and Metal-oxide - P silicon interface
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where

L,V

F = forward current, voltage

F

A = diode area

A* = Modified Richardson constant
= 30 amps/em>/(°K)” for P-Si

¢B = barrier height ;
n = diode ideality factor

Table I shows typical values obtained for n and Q‘B on three such diodes at

T =77°K,
Table I E
Retina Area n g r
No. (cm2) (e.Vv.) -
10P102D 3.24 .06 0,364 1
10P105 1.82 1.Ud 0333

10P108 5.8 1.06 0.344

[ With the assumuption that the n value for a given diode is independent of teriperature,

it is possible (using n values obtained for T = 77°K) to use such a diode as a thermo-

meter for determining how well the retina is being cooled in the demountable tube.
Such measurements have been used to show that in operation the retina temperature

is consistently below IOOOK, and with care can be made as low as QOOKQ

Reverse I-V-T measurements on these devices are much more complex, and
show the importance of edge effects at island boundaries. Figure 13 shows reverse
I-V curves at a number of temperziures. Bistable action is observed, with a low
current branch being followed out te VR ~ 5-6 V at which point switching occurs to
the high curreat branch. If the reverse voltage is then decreased, the leakage
current follows the upper branch down toward zero. It is interesting to note that

the low current branch appears to display thermally activated currents, while the

high current branch shows leakage currents which decrease with increasing temperature.
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The reverse leakage current IR which is theoretically predicted for metal-silicon

Schottky diodes is given by the equation(4)
1/2
I, = AT exp - @Pg/nkT) exp _+q_ [_qE (19)
nkT 4nK€o

where

E = maximum field strength in junction

K = dielectric constant of silicon

eo = permittivity of free space
It can be shown(4) that

1/2 1/2
-1 V., +V _H.) g | (Vg * %)
- Keo R i q Keo

where Vbi = huild in potential

This equation is plotted in Figure 14 using the values for n and GB nbtained from
forward biased measurements of retina 10P102. Measured values of IR from the
lower branch of Figure 13 are shown for comparison. It is clear from this figure
that a substantial amount of excess reverse current is seen under dark conditions.
This is not surprising in view of the sery high perimeter to area ratio of these
devices. (It has been foundm that diffused guard rings are necessary to suppress
edge effects in metal-silicon Schottky diodes. Only then can the theoretically

predicted reverse leakage current be observed.)

The upper branch observed in Figure 13 can be tentatively explained as follows.
For zero and positive applied voltages, the silicon surface potential GS is greater
than (250, the Schottky barrier height. Thus, the latter dominates the diode I-V
characteristic. Under reverse bias, however, nigh fringing fields are built up,
so that excess reverse leakage ozcurs. When sufficiently high edge fields are
achieved, avalanche effects begin. The minority carriers produced are trapped
at the silicon-silicon dioxide interface, between metal islands. When the silicon
surface there is inverted, Q’S = Eg - ZGB, where GB = bulk Fermi level. Electrons
in this surface inversion layer are prevented from moving laterally into the portion

of the silicon conduction band under the metal by a lateral potential barrier of height
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Thus, as long as the reverse bias is applied, this inversion layer persists. Its
presence increases the edge electric field, so that the diode now follows the upper
branch of the I-V characteristic until the reverse voltage is reduced to zero,
permitting the inversion layer to collapse. I reverse bias were again applied, the

lower branch of the I--V curve would be again observed.

In summary, I-V-T measurements made on overlaid metal-silicon Schottky diode
mosaics show good agreement with theory in the forward direction, but substantial

deviation from theory in the reverse direction because of strong edge effects.

b. Retina Photoresponse Measurements

I-V measurements were taken on retina 10P102D in the demountable tube at
various light levels, using narrowband spectral fiiters to verify the predicted
Schottky spectral response. It was found that the I-V characteristic for the overlaid
diode was given, as expected, by

1=1 {(cxp le(ﬂ'r_)' 1} -1 20)
where

IL = RH

R = responsivity in amps/watt

H radiant power on retina

By measuring short circuit current (ISC) and open circuit voltage (VOC) one can
obtain quaniitative d=.ca on junction temperature, similar to that obtained from
1-V-T data, "t~ do this, one firet meacures T and V. with onlv thermal

: SC UL ’
background radiation present. Then, the experiment is repeated for various
values of H (and hence IL) over and above background. One can show that

1 9%er ~ Yoo
L ]b n.l{T ?

21)

where % = background generated short circuit current

v och = background generated open circuit voltage
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Figure 15 shows a plot of log (IL/ L) vs. (V Using the value of n

ocL.” Voo
obtained for thig retina from I-V measurements at 77°K (n = 1.06), one can

obtain T from a least squares fit to this data. (T =99. SOK)

C. Retina Spectral Response

To assure that the retinas to be used in imaging experiments were showing
the response expected of metal-silicon Schottky diodes, spectral measurements
were taken on one such device overcoated with metal as shown in Figure 11B to
make one large diode. The measurements were taken with the retina in the
demountable tube with a sapphire disc in close contact with the retina on a window
side to facilitate cooling the thin (0.015") silicon wafer. 'The relative response is
shown in Figure 16 in a modified Fowler plot. The solid line is the response
predicted for the palladium-silicon system using the barrier height determined for
this device from I-V data. It would appear from this data that interference effects
are taking place in the gap between the sapphire disc and the silicon retina, but

that otherwise the retina is behaving as expected.

2. Retina Measurements Made Jsing Electron Beam Contact

Having verified that the Schottky diode portion of the equivalent circuit of
Figure 9 is applicable to the retinas being used, experiments were begun to study
the target to mesh portion of Figure 9. The terminal parameters available to

study these quantities are shown in Table III.

Table III
Terminal Name Parameter Symbol Eq. Circuit Paramcter Afiected
Beam Current. LB Ig’ rb
Target Current IT
Mesh to Cathode v
Voltage MK % Ty,
Silicon to Mesh v
Voltage SM b
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Figure 15

Normalized Short Circuit Current Vs. Open Cir cuit
Voltage Difference (Retina 10P102D)
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It has been found that meaningful and reproducib. e results are best obtained when

the measured target current, I, , is normalized to the total beam current (determined

by adding algebraically the tota'fcurrents carried by all electrodes able to divert
beam current from the retina). T!is obviates the need to hold cathode emission
constant during a given run, or beiwzen different runs. Furthermore, thc raster
scan being applied should be such that the retina is underscanned, or else substantial
retina edge effects result. Under these conditions, measurements of IT VS. VSM
at room temperature (where ry of Figure 9 is very low) permit the study of retina
to mesh interaction under a fast beam. Figure 17 is a typical plot of such data
obtained on retina 10P104. It can be seen that when the silicon (and hence at room
temperature the metal islands) is positive *elative to the mesh (first quadrant of
Figure 17) the target current saturates at a value essentially eqral to the beam
current. Since the mesh transparency is only 61%, the mesh must be intercepting
part of the incident beam, and emitting secondaries, some of which fall onto the
retina and add to the total target current. (The presence of mesh secondaries
complicates the analysis of heam-retina inter:.ction, since they land on the target
with low energy and don't generate secondaries off the retina.) Since the retina is
positive relative to the mesh in this quadrant, retina secondaries cannot escape to

the mesh, and the net target current consists of electron flow out the retina lead

(positive current flow according to our convention).

Figure 17 also shows that when the voltage between the metal islands and the
mesh is negative (third quadrant), the sign of the target current corresponds to
electron flow into the tube via the retina lead. This implies that the fast beam is
generating secondaries on the retina with a yield Spp > 1, and that these

secondaries escape to the mesh when V_ << 0. Useful information can be obtained

SM
about the magnitude of the secondary emission currents from an analysis of the

current values at which IT saturates for large positive and large negadve values of

VSM.

a. Saturated Values of Target Current

Consider the structure shown in Figure 8. A fraction fM of the incident

beam lands on the mesh and generates secondaries. For VSM >> (0, some of
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Figure 17

o
Normalized Target Current vs. VSM (T =300 K, VMK =250 V)




these secondaries can pass thru the mesh and land on the retina, the balance

going to a remote cylindrical electrode maintained at all times at +25V relative

to the mesh. If we describe the yield of the mesh for secondaries going to the
retina by means of the coefficient g ,MK’ we find that a fraction (1 - fM) of the
beam current continues thru the mesh unimpeded, while the remainder is removed

from the fast beam and replaced with a slow component { This slow

——
M~ MK
component is too low in energy to create secondaries when it lands on the retina,

so it tends 0 make the fast electrons less effective.

Of the fast electrons that pass thru the mesh, a fraction fT land on the
metal islands on the retina (fT =0.64 for diode pattern used). The remainder
falls on the exposed oxide. If we assume that the net current flow off the oxice
surface is zero, the primaries landing there must generate an equal number of
secondaries which, for V

<< 0. are collected by the mesh., For V M >> 0,

SM S
they will be collected by the metal islands. These oxide secondaries are also
unable to create secondaries, since they land on the collecting surface with low
energy. Finally, the fraction of the original fast beam which can generate

secondaries off the metal islands is

fT (1- f]VI)

For VSM >> 0, these are unable to escape, while for VSM

to the mesh. By such reasoning it can be shown that the saturated values of target

<< 0, they all escape

current should be as follows:

IT/IB = Q- gy e Ve > 0 (22)
IT/IB =@ - B I T -sm)s Vo, << 0 (23)

Substituting known values for fM and fT into these equations, one finds from data
such as that showr in Figure 17 that 3 IMK;;; 1 (which seems reasonable in view of
the inefficient collection geometry), and that 8k €an be as nigh as 2.1 at 250 volts
beam voltage. The secondary emission constants of palladium silicide are not
known, but most metals show peak values of § of the order of 1.5, and these values

occur for beam voltages substantially higher than 250 V. Thus, it appears that
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the secondary emission yield off the retinas used in this program is higher than

might have been expected (equation 23 would predict IT =0.12 IB for palladium at

250 V, while Figure 17 shows that Ip=0.45 I, was measured). We shall show later

ki) G eI A I RS

that this, along with other data, forces one to the conclusion that the net current
flow off the top of the exposed oxide is not zero, but that current transport from 3
the imetal islands into the oxide permits the oxide to play an important role in

retina-beam interaction.

The effect of retina temperature and beam landing voltage (VMK) on the

saturated values of target current are also of interest. Equation (22) would

A W 3% Lo S W

indicate that IT (VSM >> 0) would vary with temperature and voltage as the secondary

emission yield of the copper mesh does, i.e., I >> () would be expected to 3

i (VSM
show no strong dependence on either variable. This in fact is what is observed

» the secondary

(Cf. Figure 18A) IT (VSM << 0) should depend on T and VMK as 6TK |
emission yield of the target. Figure 18B shows a comparatively strong dependence i A
on both T and VMK' Once again there is indication that the secondary emission 4 ‘
i characteristics of the retina surface are more like those of an insulator than a

metal.

At low values of beam landing voltage (VMK< 100 volts) hysteresis effects 4
were observed in the measurement of IT. This data is best presented by plotting i
IT (normalized as before to LB' the total beam current) vs. the total target to

; l b. Evidence for Beam Induced Conductivity in Exposed FiO2 on Retina Surface i
|
; ;
cathode voltage (VTK). Figure 19 shows such a plot for retina 10P113. The data ]
was taken with the retina at room temperature, and with the electron beam
unscanned (beam landing on the same spot on the retina throughcut the measurement),
although similar data has been obtained with the r.tina cold, and with the beam

being scanned in the normal raster fashion.

Several points of interest can be noted from Figure 19. First, the average
' retina yield (‘STK) of secondary electrons is greater than one for both branches
' of the curve for VTK 2. 175 volts. (This follows from the fact that the sign of the

target current is negative.) Second, bk > 1 for VTK 2 30 volis for the lower
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branch. Both of these points are surprising in view of the fact that the landing
voltage at which § » 1 is. for metals, usually in the neighborhood of 100-300 volts.
On the other hand, silic~ dioxide has a value of 30 volts for the first crossover
voltage '(Vd, and § reaches a maximum of 2.1 to 2.9 for a voltage of 400-440 volts, ®
Both the data of Figure 19 and that of 18B are in closer agreement w.th the properties

of Si02 than with those of any known metal (including palladium and silicon).

The third point of interesi in the data of Figure 19 lies in the fact that the
data was obtained on a D.C. basis. The conventional methods used to determine
the secondary emission properties of insulators involve A.C. techniques, since the
secondary electrons cannot be replaced by normal conduction processes, so that the
targets charge to whatever potential will permit them to have no net current.
(Insulators charge to cathode potential if VTK< VC, and to a voltage v 4n § above
mesh potential if VTK > \6). It is obvious that for the SiO2 to be playing the role
in secondary emission from the retina which the data of Figures 18B and 19 would
indicate, it must be conducting (at least in the presence of the beam), and there
must be a contact to it capable of supplying electrons to the conduction band of the
oxide to replace those lost by secondary emission. If we assume that the beam
does induce conductivity in the oxide, and that the metal-oxide interface, while
under the beam, is capable of supplying electrons to the conduction band of the
oxide, it becomes relatively straightforward to explain the hysteresis shown in

Figure 19.

To determine the potential of the surface of the 5i0 9 between adjacent metal
islands in the array, consider the situation which exists when the retina is scanned
by the beam while at room temperature. Because of the low barrier heights required
in the metal-silicon Schottky barriers for the desired infrared cutoff, the diode
impedance at room temperature ic low, and the metal island can, in this case, be
regarded as sitting at silicon potential relative to the cathode (VTK). If this
potential is increased from zero, while maintaining the mesh at a slight positive
potential relative to the silicon, it is desired to calculate the potential at which the
SiO2 surface will float in the geometry used in these retinae. It can be shown that

the oxide surface. if it were completely isolated electrically from the target, can
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sit in two stable states; viz, at a potential slightly negative with respect to the
cathode potential where the beam has been cut off, or at a potential slightly positive
relative to the mesh where secondaries are being emitted to the mesh at a rate

just equal to the beam current. In actual practice, the oxide surface is in contact

with the target, where the target metal joins the oxide (Cf. Figure 20).

| IEANNNEZ NN

| 77 w7777

SILICON

Figure 20, Metal Target-Oxide Contact

Therefore the potential of the oxide surface immediately adjacent to the metal must

g G

sit at the metal target potential, and the beam must supply a net flow of electrons
in or out of the oxide in this region depending on whether jb I@ '\ T) - 1] is less than
or greater than zero. Here § '(VT) is the secondary emission ratio of the oxide if

the oxide surface sits at target potential. If the electrons are generated in the oxide

e e s et St
Eacia Lok oLl g St i

with sufficient energy to escape as secondaries, it would seem that while the beam

is landing, there should be e¢lectrons in the conduction band of the oxide, at least in

a thin skin near the surface. These electrons can conduct laterally along the surface.
Therefore, the oxide would have a sheet conductance 5 under the influence of the

beam. The lateral current/unit width in the oxide surface would then be given by
d
j=-g _dg_ » where 5 is in mhos (24)
if lateral voltage gradients (dV/dx) occur. The derivative of the lateral current

would be given by

5 S gy [1- s ) 25)

where jb =beam current density.




In actual praciice, g is no doubt a function of V, the lunding voltage, however

for this discussion, we will assume it is constant. Further let us assume that, for V », VC

5 (V) = V/Vcwhere VC is the voltage for which § goes to unity. Then 24) and (25)

may be combined to give

2
d (V/\L)
VC ‘-——_—2% = jb [1 - ——\‘; ] (26)
dx C

If the oxide is assumed to be semi-infinite in extent, then as we increase the

target voitage above cathode

V=V,IIK atx=0

gd;‘f = 0 at Vx 0, which occurs a distance W away from the metal-oxide

boundary (the voltages are measured relative to cathode). The solution tc (Z6)

which satisfies the boundary conditions (27) is

3

V_VC - (VT_VC) sin Ax sin AW + cos Ax cos AW 28)

VC cos AW

, ) V ]
where A = —\?—— ; cos AW = |1 - _\.]1'_ i
9% C

If one combines equations 28) and (24) to calculate the current flowing across the

SO ——

metal oxide interface at x = 0, we find that the current per unit width of this

i AR e 5 s S T T et R L s b Z R et L e S " \:'“""1"-1
S TR T R T R S S AR, L R R A R A S M R ST Lo e T =

interface is given by

9 1/2 1/2
. 2V A% v
.i | T T : ( T
b =l oVa l—5— - -‘——) =1ioV 2——-—-) (29)
E | b% C ( A V2 b? T Ve
q > g

This current has a real solution for 0 < VT/VC < 2. Several ranges of V’I‘/VC

o

are of interest, viz.




Case I: VT/VCg 1

Under these conditions, the potential cf the top of the oxide varies from
V =0 far from the metal to V = VT ar x = 0, but at no place along the oxide surface
can it lose more electrons by secondazy emission than it acquires from the incident
beam. Since the oxide surface near x = 0 is prevented from charging to cathode

potential to stop the beam from landing, we are forced to conclude that an eiectron

flow takes place from oxide to metal in an amount given by equation (29).

Case II: 1< VT/VCg 2

In this range, the oxide adjacent to the metal is sufficiently positive to have
§ =2 1. Thus, some electrons can be lost from the oxide by secondary emission |
to offset those landing from the beam. As soon as we travel some distance from.
the metal, however, the potential of the top of the oxide drops below V., and an
"unfavorable trade balance' for electrons is encountered. Again, the boundary

conditions of equation (27) force a current flow given by equation (29) to take place

at the metal-oxide interface to prevent oxide charging.

Ease II: VT/VCZ 2

If the target voltage is increased above ZVC,

electrons from the target to the oxide. The oxide would no longer be able to charge

there can only be a net flow of

down to cathode potential, but would have to charge to potentials more positive than
the target in order to carry a net electron current away from the metal-oxide
interface and hence into vacuum by secondary emission. As we move away from
this interface, the oxide surface continues to go more positive until it reaches

approximately the mesh potential at which point the losses via secondary emission

equal the incident beam current. (This assumes that the mesh is more positive

than the target.) Once VT exceeds 2VC, the boundary conditions described in 27)

must then be changed to

and 30)

<
1]
<
=
&
3
I
[=)
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The solution to (26) and (30) is again the same as (28) except that now

VT-VC VT-VC
cos AW = v v, - ¥ TV V-V @1)
M C T M ’I‘) C

When equation (31) is substituted into equation (2€), the current flow across

the metal-oxide interface may be calculated to be

9 1./2
. : (Vi = V) F20V - ) Vy~Vop)
) = - ]bO'VC 2 (32)

Vo

If VT were now reduced from a value > 2\6 to values < ZVC » the current density
per unit width of metal-oxide interfac 2 may continue to be negative until VT is

reduced to a value

(Vir = Vo)
_ M T
VT = VC S 33)

Thus, there would be a hysteresis effect in the current carrier by the metal-oxide
interface. Equations (32) and (29) are plotted in Figure 21 for (VM - VT)/ VC= 1/3.
The arrows indicate the current flow as a function of the direction in which VT is

changed.

The relationship between the current carried by the metal-oxide interface,
and the measured target current is as follows. A fraction fT of the incident beam
lands on metal islands, giving rise to a flow of secondaries to the mesh such that

the net contribution to target current is

fr (1= 60

Since for these low voltages for the metal islands is < 1, this contribution

» b

is always positive. A fractim'l(‘lf- fT) of the incident beam lands on the oxide,
giving rise to a flow of secondaries to the mesh just equal to the total current
replenished by the flow of j curreat per unit length times the island perimeter, P
where j is given Uy equation (32). Thus, for a beam diameter such that N diodes
are under the beam at one time, NjP amperes of secondary electrous can flow

off the oxide to the mesh on a D.C. basis, provided that the oxide has been biased
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onto the lower branch of Figure 21. Thus, the unet target current will be

2 1/2
I_T _t a PN oV (Vi = Vip) #2000 - VIV - Vi) (34)
- = - g
A v

This will be negative for appropriate values of beam induced conductivity (),
diode perimeter (P), etc. On the other hand, if the oxide is bias=d onto the upper

branch of Figure 21, a net positive current of

2 1/2
Ir x|, 2Vip Vo
IB B C VC

will flow. Thus, the beam current flowing directly to the metal islands has the
effect o'f shifting the target current toward positive values by an amount
f T(l = o) from tk2 curve shown in Figure 21. It can be seen that this would

result in excellent qualitative agreement with the experimental data of Figure 19.

In summary, D.C. data on target current vs. landing voltage forces one
tc conclude that the oxide between adjacent metal islands on the retina has a
beam incuced conductivity, and that the metal-oxide interface can, under the
influence of the fast beam, re-supply electrons lost from the oxide by secondary

emission,

C. Retina Photoresponse Measurements Using Electron Beam Contact

The previous two sections dealt with the secondary emission properties

of Schoitky barrier retinas deduced from measurements of D.C. target current,
performed (usually) at room t2 1perature. Under thesc conditions the impedance
of the Schottky diode can be assumed to be negligible, so that the entire values of
VSM falls across the vacuum gap between metal and mesh (or across the parall:i
path between silicon and mesh, through the silicon dioxide layer). As the retina
temperature is reduced, however, the impedance of the Schotiky diode rises, and

a portion of V. can drop across the diode. It should then be possible to determiune

SM

the dark current of the retina by measuring D.C. target current, IT’ vs. VSM at

low temperatures. Furthermore, measurements of IT VS. Vq, i at various light
v

levels up to that value required to saturate the tube will provide mfcrmaticn on tube

dynamic range, linearity, and absolute responsivity. Such measurements are discussed

below.
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i, Retina Dark Current Measurements Using Electron Beam Contact

vs. V_ . for retina 10P115, obtained with the retina

T SM
at operating temperature (T <'1000K Jo Curve 1 was obtained under 'dark' conditions,

Figure 22 is a plot of I
i.e., no radiation was intentionally introduced. (Thermal radiation from tube surfaces
at room temperature, such as the quartz window, cannot presently be excluded).
Curve 2 was taken under saturated light conditions, i.e., at light levels sufficiently
hi; h that no further increases in IT occurred. Neglecting the slight separation between
the curves for large negative values of VSM (not yet explained), the shape of the curves
is as expected. IT on curve 1 is limited by diode impedaace for low negative values

of V As |VSM| increases, however, diode impedance begins to decrease until,

m’

for lVSM
limits IT. SM
information on diode dark current under actual operating conditions. Figure %3 shows

| > 25 volts, it has decreased to the point where beam impedance again
Thus, measurements of IT vs. V__ _ at operating temperatures provide
such curves for retina 10P104 for several different values of beam landing voltage.
This data shows that the value of VTM
VMK’ This is not surprising, since the crossover point depends in a complicated

way on §’ MK and b the secondary emission yields of the mesh and the retina

at which IT changes sign is dependent upon

surface (Cf. equations (55) and (56) below). It is clear, howrver, that the diode

voltage drop is zero at the crossover point V , and the diode Fecomes reverse biased

0
as VSM is decreased below VO' Figure 23 shows that substantial evidence of high

diode impedance is seen out to VSM = ~10 volts for VMK = 4250 volts, but at higher

values of V____, the diode impedance decreases, and has essentially vanished at

MK

750 volts VMK' This would be expected if the metal islands (or the Si02) were

sufficiently thin that at high voltages, a fraction of the beam could penetrate thru
this layer and enter the silicon, there dischaiging the diode by the creation of
hole-electron pairs. Care must be exercised, therefore, in estimating retina

"eakage current from target current measurements, since plays an ‘mportant

VMK
role.

Considering the 250 volt curve in Figure 23, it can be seen that the diode
leakage at VSIV' = ~10 volts must be 12 na or less.

that the scanned area was 5.8 cmz, and shows that Schottky retina leakage can be

This is quite low, considering

reduced o a sufficiently low level, under actual conditions of retina temperature
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and high velocity scanning, to permit vidicon operation. Future retina designs

4 will concentrate on maintaining this low leakage over a wider range of VSM i 2
(higher breakdown diodes) and a wider range of V,  (thicker metal islands,

4 thicker oxides, closer control over surface scratches).
ii.  Retina Photocurrent
Measurements of IT Vs, VSM at various light levels permit the determination M

;4 of tube responsivity, linearity, and dynamic range. Figure 24 is a plot of such

; data obtained on retina 10P115. Curve 0 is the dark curve, curves 1 thru 3 show
IT under illumination from an BOOOK black body (irradiances were

.1 Ho’ o5 Ho’ and Ho’ where H0 = 8.9 x 10-5 watts)s Curve 4 is a
saturated curve obtained using a microscope lamp operated sufficiently hot to
saturate the retina. Several points can be made based on this data. First, the
dynamic range of the retina is limited at the low end by retina dark current, ITD’
and at the high end by the maximum target current that the beam can supply. The
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latter quantity doesn't saturate with voltage until IVSM | >20 volts. Thus, it
‘ would be desirable if the retina dark current could be maintained at a low value
until beam saturation occurs, since this would assure maximum dynamic range.

This is equivalent to requiring that retina diode breakdown be > 20 volts.

The second point to be made from the data of Figure 24 concerns the fact
that retina 10P115 continues to show high retina impedance (low dark current)
even though VMK is 500 volts, At 250 volts, retina 10P115 was even better in this

regard (data available, but not shown here because of spacc limitations). Retina

q 10P104, on the other hand, lost much of its diode impedance in raising V from
250 volts to 500 volts. It is 1nterest;.1§ to note that the metal film th1ckness t
on these retinas is different (t = 5000 A for 10P115, t = 500 A for 10P104). Thus,

this data supports a model which attributes increased retina leakage at high values
of VMK to penetration of a fraction of the fast beam thru the metal islands into the

silicon. The third point to be made from the data of Figure 24 is the fact that

retina responsivity and linzarity can be obtained. Figure 25 is a plot of the i
photocurrent IS at VSM = -10 volts (target current n:inus dark current) normalized
to the maximum photocurrent that can flow (saturated target current minus dark

current). This data shows that the target photocurrent varies linearly with
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Tigure 24

Normalized IT vs. VSM at Various Light Levels
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§ Figure 25. Retina Photocurrent vs. Radiance.




radiance (y =1, where IS =nRHy)- Since y =1, il is possible to define a retina
responsivity in amps/watt (R in the above equation). For retina 10P115, it was
found that

R =01
! watt

This com.pares very well with the responsivity calculated from equation ( 8)
(calculation performed for ) = 2.7 um). The theoretical value for responsivity
is given by

i<
:

_ (Lmns_) _
R watt
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Using the following parameter values

C = oz/ev
A = .5
¢0 = 0.354

the values calculated for R is
R = 5.2 ma/watt

Due to the fact that the metal islands only occupy 64% of the surface of the retin.ﬁ,

the maximum value that @ could possibly have is

R pax - 0-64% =3.3 ma/watt

(36)

Thus, the resconsivity under uniform illumination for this particular retina is

somewhat less than the value theoretically predicted.
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D. Imaging Results

Imaging experiments with metal-silicon Schottky barrier diode retinas have _:
begun. Initial results are very promising, and clearly show that these retinas can
K produce high resolution images in the wavelength range beyond the silicon absorption

edge (out to the long wavelength cutoff for internal photoemission of the Schottky

dicle). Because of the many new and novel features both of the retinas and of high
3 bean velocity 1readout, complete characterization is a sizable undertaking. To

speed up the process, it his been divided into taree sub-tasks, viz. qualitative

imagery studies, developing of working models to explain retina performance as
determined from the qualitative siwudies, and finally, quantitative imagery studies
using bias conditions, retina designs, etc., suggested by the working models. The
last of these three sub-tasks will be performed during the next several months, k

The first two have been completed, and are described below.

' 1. Qualitative Imagery Studies

The previous section, entitled '"Retina Characterization, " described some 3
of the factors of retina design and tube bias which are expected to influence the
ability of metal-silicon Schotiky diode mosaics to image in the infrared. These P

factors include the following:

Factors Expected to Influence Imaging %
} Retina Construction Factors Tube Bias Factors § :
_; e Metal thickness ° VSM
{ e Oxide integrity ) VMK
. e Diode breakdown e Retina to mesh spacing i
| e Oxide conductivity e Beam current

under beam e Light level

e Frame rate

E In addition, other features of the system are expected to play a major role in
imagery (e.g., preamplifier). In view of the large number of these factors, and

4 the interplay expected between many of them, it seemed reasonable to determine .
» _
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qualitatively which factors were most critical and what range of each factor was
preferable. A number of retinas were examined for this purpose, and the major
systematic dependencies were determined. The results of this survey are - |

summarized below.

e Infrared imaging can be achieved with metal-silicon Schottky barrier
diode retinae., Figure 26 is a photograph of such an im ge taken from the X-Y
monitor described in Section B. This image was obtained by passing the radiation
from a black »ody through a collimating lens, a stencil, and a 50 mil thick
germanium filcer, onto the retina. [ The serrated outline is the edge of the diode

mosaic pattem (Cf. Figure 4).]

e This imagery was achieved over the spectral range in which internal
photoemission takes place at the metal-silicon interface. It was not due to absorption
in the silicon. To verify this, a series of narrow spectral filters were inserted in
the optical path. Imagery was only observed for wavelengths sufficiently long to be
vassed by the germanium () 2, 1.65 pm) filter, and shorter than the metal-silicon
long wavelength cutoff (), < 3.5 pm).

e For sinall values of mesh-to-retina spacing (d=0.002"), the anticipated |
'"Dresner'' type of high beam velocity imagi'ng(g) (mode "A") was observed. In this b
mode, illuminated portions of the retina appear white, and dark regions appear

black. This was observed for negative values of V

- in the range of 4 < |VSM| < 11 volts,

o 7 VSM was made more negative than the above range, the polarity of the Q
image changed without any external circuit modifications being made (i.e., video
polarity was not inverted electronically). This new mode of imagery (inverted

mode, or mode 'B") persisted to high values of VSM (| VSM' = 40 volts).

e If the mesh-to-retina spacing, d, were increased above 0,002", mode "A"
imagery could no longer be obs. -ved. Mode '"B'" imagery, however, persisted to
quite large values of d{d = 0.250"). In fact, it was observed with no mesh in the

tube at all, Beam focus was poor when the mesh was not used, but imagery definitely

B PP TR R e S Ehn g s

was observed., (G6 electrode was still present, and biased positively.)

e The bias conditions required for imagery are as follows:
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VSM < 0 (optimum imagery in range 10 glVSM|525,
VMK > 100 V (optimum imagery in range 250V < VMK < 500V)

T< 100°K (photores%onse can still be detected for retin% temperatures
up to 120 K, but images wash out at T = 110 K)

o  As the light level is raised above the threshold for detecting images, a peak
is observed in quality. Further increases in light level beyond this point degrade
spatial resolution anc contrast,. until finally, at high light levels, the image is lost
altogether.

e Similar behavior is observzd if beam current is varied (keeping light level
constant). At low beam currents, imaging cannot be detected. At intermediate levels,
good images are seen. At high levels, imagery is lost.

o Transient effects, with time constants of the order of seconds are quite
common, For example, if VSM is reduced abruptly from -5 volts to -10 volts (for
example), an image will often result which will fade out once the tube sits at the new

bias level for several seconds.

2. Development of Working Model to Explain Ratina Performance

If a positive D.C. bias supply V is established between the mesh and cathode

MK
of a ttbe. then the electrons will arrive at the mesh with a kinetic energy of VMK' A
fraction 1 - fM of these will pass through the mesh to the target, where they will land

with a voltage given by V Vv

MK~ VMT® Here VMT is the voltage existing in the vacuum
space between mesh and the floating tarmet (Cf. Figure 27). (In the discussior which
follows.. the first subscript on VMT’ etc., will indicate the measurement point, and

the second subscript will irdicate the reference point. Thus, VST = —VTS’ etc. )

For a given value of VMK’ a constant current always flows out of the cathode
and lar (s at the mesh plane. Therefore there appears to be a constant current
in the mesh to cathode loop. The electron current flowing into the target lead is a
funciion of VMT and will look as shown in Figure 28. This curve has three essentially
different regions of behavior. In region 1, the target is more negative than the
cathode, and therefore if the electrons left the cathode with zero kinetic energy,
they would never arrive at the target. Actually they leave the cathode with an
exponentirl spread ir. energy determined by the temperature of the hot cathode.

67




Primary Electron Beam

h

Back
Conducting

Surface of
/ Photosensitive

Element

Figure 27. Electron Potential Diagrom between ti.e Mesh and
the Back Surface, S, of the Phofosensi.iv:: Slement.




e R B s e e

it o

R WS

Region I

e )

£e

i

Region II

e Region III

Figure 28.

Target to Mesh I-V Characteristic.

oy

iy

b S R A A AT T IR, i i B v sl _— - . —
R S | e T Tt s ] Sk o o

e

......



3
N
e

L

L3

s

- S

PR
R

Therefore the beam current will be cut off exponentially with voltage for } 3

VTM < -VMK' This is the so-called retarding potential region, or low beam
landing characteristic region. In this region the beam impedance (the slope of

the ITM - VTM curve) is highly non-linear, but positive. Here the photosensitive
surface can only be charged n=gatively, since there is always a ne{ flow of electrons

into the target element.

In region II the target to mesh voltage is negative, but less negative than the
mesh to cathode voltage. Thus (1 - fM) primaries will land on the retina, and any
secondaries which are generatec will escape to the “..esh. The landing voltage is
given by VMK + VTM' Thus as VTM gets less negative, the landing voltage increascs
and more seccadaries are generated. Thus the net current leaving the target will
decrease as VTM becomes less negative. In this region the slope of the curve
corresponds to a negative resistance. For V

MK
crossover voltage, VC’ where the secondary emission coefficient, §, equals unity,

+ VTM greater than the first

the target to mesh current will become negative, corresponding to a net flow of
electrons away from the target surface toward the mesh. We are particularly
interested in this region, sin:e this polarity of cuzrent can charge the target surface
positive In this region, we can approximate the beam characteristic by i
\%
™
I ~ =(§ - 1) (1 + ————)
™ LB VMK VC

1)

for 0 » VTM > —(VMK - VC)
Here § is the secondary emission coefficient. Equation (37) assumes that g is

independent of the voltage, VTS’ existing acro.s the photosensitive element. If

the field associated with VTS is not too high, this assumption ought to be reasonable.

In region III, the voltage existing be.. een target and mesh is positive. Thus
all the secondaries which are generated at the target surface cannot escape. If the

mean spread in er2.yy of the secondaries is V, the current ir this region is given
by
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This region is that in whichk Dresner(g) envisiops his high beam velocity vidicon to
work. By modulating the voltage VTM with light, he can modulate the number of
secondaries which can escape to the mesh. Those secandaries which do not escape,
will be retarded by the voltage V,

™
different from that where they were generated. In order to maintain coherence

and will land on a point on the target surface

between the light and dark regions and the number of modulated secondaries, the

¥
.I
i
)
/

field retarding the uncollected secondaries must be made high. Then the uncollected
secandaries will land on the target surface close to their points of generation. The

behavior of image tubes operating in these three regions can be understood by

e D P ST

combining the tube I-V characteristic for the appr priate region with the I-V

characteristic expected for the retina to be used.

a. I-V Characteristics Between Mesh and Back Surface S, If The
Photosensitive Element is a Photoconductor

If the photosensitive element is a photoconductor, then the current flowing

between _he target and the back surface is of the form

Vv
| _ ST
Iop = 7o (1+aH> 39)
D
, Here rh is the dark resistance of the photoconductor, a is a constant, and VST
1]
is the bias between the floating target and the back contact. The current IST flows

over the entire frame time, while the beam current flows only over the read time.

Therefore, when the capacitive currents are included, we have that

t ' t <V..>
f i < Ve ( )
I =1 = -4 1 5 = 1+2H
SM ™ oty SST o ry
+
t <VTM>f <Vns”.
= - = H 1+aH (40)
R )
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Here the currents and voltages are averaged respectively over the frame and read
times as indicated. If ihe internal capacitance of the target is large so that the
photusensitive eleinent cannot discharge significantly in a {rame time, then the
average voltages during the frame time canno* be very different than the average
voltages during the read time. We then drop this averaging on either side of
equation (40) and use it to determine the voltages in question. The only voltage
which may not be properly accounted for in this way is the supply voltage VMS' If

the load resistor, RL , between M and S is large, then V___ could differ by large

MS
voltages during the frame time, as we move trom dark to light areas. We may

evaluate < VMS>f by averaging equation (40) over the entire frame time. Thus
<V._.> =YV + R I > 41)
MS ; MSO L SM ¢
and
+
t (<VTM> * Vms TRy <Ism > )(“aH)
f \ f O f
Y s - (42)
f R D
Then
; /<VTM> + VIV'S >(1+aH>
£ , £ 0 (43
<I. > = - - )
SM v t. R (1 + aH)
f R f L
Iy 1+ " —
\ R )

Therefore from (43) and (41)

(44)

and from (44) and (40)
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V. + <V >><1+aH )
( MSO ’I'Mf

t R
1D1+Tf L<1+aH )}
R D

or since VTM is nearly constant over a frame time

) )

Equation (46) for I is plotted as a function of V ar and H in Figure 29,

T™ TN
It is interesting to note from equation (46) that the sensitivity of the target
current to photocurrent is decreased by the presence of a load resistance, as the

light level increases.

Figure 29 and Figure 28 must be combined to give the signal current
ITM as a function of photocurrent. By superimposing Figure 28 and 29, we thus
obtain the locus of signal current vs. photocurrent. This is shown in Figures 30

md 31.

If VMSO the bias supply is made less negative than (VMK - ©> then for low

light levels, the photoconductor can be biased in such a way that V__ _ is positive.

™
(Ci., curves 0 and 1. Figure 30.) In this case severe redistribution should suppress
imaging since target secondaries would return to the target. For higher light

levels, the photoconductor I-V curve will cross the beam characteristic in region II.

(Cf. curves 2, 3, and 4, Figure 30.) If VM is less than (VMK - VC), the resistance

SO

of the photocenductor plus the effective load resistance, R. , can be snall compared

to the heam resistance. Thus the signal can stably bias itgelf into this region of the
curve, and imaging can be achieved. In this case the signal current out the lead, S,
can be made negative corresponding to a net flow of electrons into S, This negative
flow of electrons should decrease in absolute magnitude, with increasing light level
giving rise to inverted video signals. In order to get significant modulation, the

photoconductor must be able to withstand voltages of the order of VMK - VC’ and




Figure 29. ITM Vs, V'I'N‘ for Various Values of the Photocurrent aH.,
The Slope of the I

™ Curves Increases with Increasing

Photocurrent. All curves pass through the Bias Point .V

MSO
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Figure 30. Superpositici of Figures 28 and 29.




Figure 31. ITM’ the Signal Current,vs. Increasing Light Level.




(VMP’ - VC) must be large enought that (5 - 1) is significant. If (46) is combined
with 37), we have that

- I
(VMK_ VC)(I + aH)
where i
t. R
Vs Gyg - VT (t /t )(1 +_ti— —}(1+aH)> E
1 V_-Ov_ . _MK "B DR R D
MK 'C (Vg ~ Vo) @ *aH)

This analysis of imaging in a high beam velocity vidicon using a phctoconductive
retina helps to clarify some important features of these tubes. It can he seen that
the sign of the target current does not determine video polarity. This quantity is
defined by the change of target current with illumination. If AI,I/AH is positive,

illuminated regions of the retina appear white and dark regions appear black. If

AIT/AH is negative, the inverse is true. Since retina current always increases

in magnitude with illumination, video polarity will be determined by the portion of
the tube I-V characteristic on which we operate. Regions I and III of Figure 28 will

produce positive polarity, while region II will produce negative polarity. ! f

b. I-V Characteristics Between Mesh and Back Surface, S, if the Photo-
Sensitive Element is a Photodiode, Assuming that the SiO2 Isolating the
Diode is Electrically Inactive

If the photosensitive element is a photodiode, the photocurrent through the Y

diode is given by )
I =1 ( qVST/kT - 1) - RH 48 “
st ~ 'co® ) (48)

where IC 0 is the saturation current of the diode, R is the retina responsivity,

WICRRNEE ¥ S s S R el

q is the electronic charge, k is Boltzman's constant and T is the absolute temperature
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of the diode and H is the radiant power on the retina. If the SiO2 which isolates
the diodes is considered non-conducting it should charge to some steady state value
and become electrically inactive. This is the way the Si behaves in a low beam

velocity tube.

Rewriting equation (48) wc¢ rave that

= +
e (VMS VTM)
KT

™ T [ -1| -RH
or
. (VM +1_ R, +V \)
a\ MH*Ioy By " Vo
kT
= - + 4
Isr (Ico RH ) Ico ©
and
1 = =% zn s
<'sm i T <'sT ;
R
Therefore
+ + -
_q<VMsO <ISM) ! VTM)
kT
t
=1 - + =
,_<ISM> _f (ICO RH) Ico<e >¢ 49)
R N

The second term on the right of equation (49) tells when the signal current would
bias the diode off. For a given load resistor and a given reverse bias supply VM SO,
if the total signal current were to increase, it would take a less negative target

to mesh voltage to forward bias the diode. If we assume that the load resistor RLI
is small, then the equivalent of Figure 29 may be drawn up for the photodiode as a

function of light level. This is shown in Figures 32 and 33.

If the photodiodes have a reverse impedance which is greater than the negative
resistance associated with region II, a bistable solution could exist at high light

levels. As we increase the photocurrent, the signal will continue to increase until

we reach the peak signal, —(GMK - 1) IB For further increases in light level, the
diode would rapidly forward bias itself until the signal dropped to approximately
VMS
—(5MK -1 LB 1- 0] . Further increases in light level would not
VMk Ve
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™ Curves of the Photodiode vs. Light Level.

o is the Bias Between the Surface S and the Mesh.
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Region I — j=+— Region III

dv{l‘l.ﬁ. v
RH =0

Figure 33. A Superpocition of Figures 32 and 28.
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significantly change ¢4 bias on the diode since it is forward biased for higher light

levels. See Figure 33. As the light level were reduced, the diode would stay forward

biased until the light level dropped back to a value where the signal was

VM S

_(6MK - 1) LB 1- (@) on the rising part of the curve. Thus a bistable

Vuk ~ Ve

state erists for light levels above H See Figure 34. Since the diode curves are

o
always forward biased when we are in region II of Figure 28, we cannot modulate
the current significantly when we are in this region. This differs irumn the case of
the photoconductor, which can change its voltage when biased into this region. If
the photodiodes operate as described in this section, then imaging with them in a
meshless tube would not be possible unless an integrated mesh were incorporated
on top of the oxide surface. In this case the target to mesh I-V characteristic of
Figure 28 would be that appropriate to this integrated mesh to photodiode structure.
Redistribution would then become unimportant since the mesh is very close, and
imaging would be accomplished by modulating the current in region IIi of Figure 28
or 33. The collecting walls of the meshless tube would be available for removing
any unwanted secondaries which are generated by the beam off the integrated mesh
surface. This could be accomplished by making the walls more positive than the
integrated mesh surface. It is clear by examining Figure 33 that a tube operated in
this way would have a target to mesh current which is negative and which would

increase in absolute inagnitude with increasing light level.

We have seen imaging in our demountable system which behaves in :his manner
for mesh to target spacings of 2 mils or less. This strongly suggests that good imagery
could be obtained with an integrated mesh tube which would have the advantage of low

microphonic noise.

It is also clear from Figure 33 that the total swing in beam current can be
obtained with changing light level, if the voltage on the diode changes by v LNGe
There is then no great advantage to be gain by having a breakdown voltage on the
diode which is greater than VLn 6 for this case.

We have also seen imaging ir our demountable tube, which behaves quite
differently than that described above, and which does not depend on a mesh for its

existence. The physics of this new mode is discussed in Section c.
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C. Retina I-V Characteristics and Imaging for the Case Where
the SiO2 is No Longer Considered Inactive 5

This section is aimed at describing the effects which can ocecur as a result of
having a composite surface of oxide and szsi which is exposed to the high voltage
clectron beam ina camera tube. When the Schottky diode array was originally k.
conceived to be used in the tube as the photosensitive elernent, the oxide was

introduced in order to provide isolation between the various photodiodes. 1

It was believed that the oxide would charge to a potential whizh was such that &
ther~ was no net flow of carriers in or out of the surface, and then it would be
electrically inactive in the circuit. This is essentially the way it behaves in the
noimal vidicen made up of a p~n junction array. In thi- case the composite surface
of p Si and oxide is bombarded with a low energy electron beam and is charged to

regative potentials relative to the cathoac.

In our case, the array of Pd2Si and oxide is bombarded with a high voltage
electron beam which generates secondaries of differing amounts rom the two ‘?
surfaces. It is necescary to have a net flow of se.~ndaries off the Pd2Si’ if it is
to charge positively and reverse bias the Schot'iky diodes on p type Si. Therefore
sccondaries are of necessity involved in the process. We have by now accumulated |
a significant body of data which indicates that the oxide surface under these conditions
is actively involved in the conduction process between mesh and Si, and is not just
scrving as an element of isolation between adjacent diodes. In faet, ac this time i
let us view the composite surface as scen by the beam as shown in Figurc 35. lere,
the bhatched areas represent the Pd,ZSi diode surfaces while the grid work represents 3
the oxide. We would like to show in this section that the data “its a model
where the shaded area of the oxide grid appears to act like it has significant sheet
conductance during the entire frame time when bombarded by the »2am. However
the white peripheral region  of the oxide adjacent to the sz Si is non-conducting
except when the beam is passing over it. The oxide thus serves simultaneously
as an elerient of isolation and as an integrated mesh (referred to as M2 to differentiate
from regular mesh, M1). In this scction, we will present the physical model whereby

this can occur, and discuss the I-V relations predicted for a composite surface under
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Figure 35. View of sz Si - Oxide Surface as Seen by Llectron Beam.




uniform illumination, Also we will diseuss the various possible modes o imaging

from 2 eomposite surface. Theory will be eompared with experiment throughout.

i. Physical Modcl of Conduction Processes in the Oxidc
Under the Influence of the Bea:n

If we examinc the energy distribution of electrons in the PdZSi under the
influence of the beam, we ean antieipate a situation as depieted in Figure 36a. Here

E CT is the bottom of the eonduetion band, EFT ¥

work funetion of the szsi. Since there are clectrons energ¢tie enough to be removed

and WF

is the Fermi Energy and W o is the

over the work function, there must be energetic electrons between EFT T

On-c the beam is removed these en=rgetic clectrons will rapidly fall baek to

the Fermi level and the e' -~ gy distributior will be shown in Figure 36b.

Similarly if we examine the situation in the oxide, we will find at sucecessive times

after the beam has been removed, the situation deyicted in Figure 37a, b, and c.

Under the influence of the beam, energetie eleetrons must exist in the con-
duction band of the oxide as in Figure 36a since seeondaries can be emitted into
vacuum. After the beam has been recmoved, these ensrgetic electrons will rapidly
relax to the bottom of the eonduction band as depicted in Figure 36b. Since eleetrons
are known to have a mobility in SiGz, while holes arc believed not to, we show the
holes as rapidly becoming trapped. The electrons ean remain in the state b) for a
time of the order of the lifetime required for them to recombine with the trapped

holes. This lifetime eould be long ecompared to the frame time, espzcizlly if ficlds

arc esiablished in the oxide as shown in Figure 36b. Then the conduction band
elcetrons will be spatially removed from the positive charges and ecuid exist for
long periods of tirie especially at low temperatures. Under these conditions, the
lifetime could casily be long eompared to the frame time and the oxide could rcturn
to the state a) beforc it has a ehance to relax to the state ¢). Then tre oxide would

appcar to have a shecet eondiictanee on the vacuum side, and the shaded area in

Figure 35 would become an equipotential under the influenee of the heam.

Let us now cxamine the conditions whieh cxist at the interface between the
oxidc and the PdZSi. This is depicted in Figure 38 a)under the influenee of the beam

and b) when the beam has been removed. If the oxide is emitting seeondaries into




CT
Figure 36

Energy Distribution of Electrons in the PdZSi

a) Under the Influence of the Electron Beam

b) With the Electron Beam Removed

w E._., and E__,, are the Work Funcuon, Fermi Energy and Bottom

FT’ °FT CT
of the Conduction Band, Respectively.
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vacuum, it will charge positively relative to the metal, causing a net flow of
energetic electrons from the metal to the oxide. A dipole will be established at
the oxide metal interface as shovm until the net flow of electrons into the oxide
just equals the net flow out into vactum. When the heam is removed, this dipole
will remain and the interface will appear as in Figure 38b. Since there is a large
potential barrier existing at the metal oxide interface, no flow of electrons can
occur across the metal to oxide interface once the beam has bean removed.
Referring to Figure 35 we then have the shaded conducting area of the oxide
surrounded by the white non-conducting area of the oxide once the beam has been

removed,

The above describes basicaily how the oxide can act as an integrated mesh (M2)
while simultaneously offering isolation to the individual diodes, We would like to
examine in more detail, the type of I-V relations we can anticipate between Si and

mesh (M1) for such a structure.

ii. I-V Curves between Target Surface and Mesh (M1)

Let us assume that we have a structure as shown in Figure 35 where the sz Si

represented by the hatched areas will be referred to as target, T. Let this cover
a fraction fT of the entire top surface. Let the shaded areas represent the
conducting oxide surface which we shall refer to as 0. Let this cover a fraction fo
of the top surface. Let the distance between target centers be 4, and let the mesh,
M1, be spaced a distance, d, from the composite surface. Let us suppose that a
voltage, VTM exists between target and mesh M1, and a voltage VOT is established
between oxide surface and targets. (See Figure 39.) If d is very much larger than 4,
then the electron potential between a plane of the order s out from the composite

surface and d, will be given approximately by

i
i
:
!
i
i
]
d
;I

3@ = '[fTVTM 1y Vi +V0T)] [1 ) %] i

for 1 < Z2< d
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Figurc 39, Electron Potential as a Function of Distance Between
Composite Surface and Mesh,

(3, 1is pctential in front of target areas, by is potential
in front of oxide areas.)
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In other words for Z large compared to 4, the potential will only know the average

of the comnosite surface. Specifically, let us take a case where V equals -f 0 V0 T

™

Then since by * fo is identically equal to unity, V(Z) willbe zero for < %< d. A

plot of the electron potential as a function of Z for this case is shown in Figure 39a.
Figure 39 b and ¢ show how we might expect the electron potential to vary with distance

for VTM negative and positive respectively relative to -f0 VOT' In these diagrams,

b and % 0 refer to the elcctron potentials in front of the central portions of the target

and oxide areas respectively. For Z < t, we may approximate the behavior

indicated in these diagrams by the following sets of equations

2
Z Z Z
~ - - =) + - —) - - - 51
b0 @ ~ -V -2+ v fa- 2 - a- )] 1)
and
Z Z Z 2
- = 3l - - =) - = & 2
for Z < 1
L
These equations imply that if V 0T is positive, there is a maximum in electron
potential in front of the oxide surface for values of VTM listed in equation (53). This
maximum is given by
2
\' +f V
( ™ 0 OT) e
3 -5 O)~fV 1+
Omax 0 T 0T fT VOT 2d
for -f Vv \' (24 f . +£f |V
0o'oT = 'tM= "\ 't o) oT
and V0T2 0 (63)

If VOT is negative, there would be a maximum in elect: on potential in front of the

target area for the values of V listed in equation (54). This maximum is given by

™
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and (54)

Equations (53) and (54) imply that if -%- is large, there is a large range of vcltages

in VTM’ where a maximum in electron potential occurs either in front of the oxide

for VOT positive, or in front of the target for V_,_ negotive. This maximum will

0T
prevent secondaries from leaving the region where it occurs, if its magnitude is

greater than the energy of the secondaries. By modulating V o Wecan modulate

0
the size of this potential maximum and thus modulate the number of scc..ndaries
which can escape to the mesh M1. An estimate of the currents flowing between target
and M1 ard oxide and M1 can be made with the help of Figure 38 and =quations

(53) and (54) for the magnitudes of the potential maxima.

Let us assume that a beam current LB arrives at the mesh M1 wit. = ianding

voltage VM K"

coefficient is SMK® - fM) fTI'B will strike the target area where the secondary

Of this, fM LB will strike M1 where the secondary emission

emission coefficient is éTK’ and (1 - fM) fOLB will strike the oxide, where the
secondary emission coefficient is 50K' Let the mean spread in energies of the

secondaries generated from the three regions be VM’ TT and V.. We may then

0.
estimate that the following currents will flow as a function of VOT and VTM'

For VOTZ 0

ITM VTM

~ (1- - +
B (1= @ =6 * Iy by P =
M

for -V

MK < Vv <O




I -V
T™ ™
o L~ - i (1 - bpg €XPFF )+foT6MK

T
5 for VTM =20

Tom ™

Voo W
©) 'IB_ ~ (L-f) Q- e Hiyfodmk eXP ( v, )

N .

2d
= + o -
for -Viyk < Ve * Vop < (;, 1) frVor
I £V vV +fV 2
. M -1t ‘1 5. exp ——2k \:1+<———TM 0 OT)-L]
| s M ol 0K . £ Vop /24
1 V. +fV 2 {
' i = + .
VTM vOT fTVOT[l ( ™ 0 OT) 1 g
Mo *MK —
M
2d
- - + X
for (:, 1) feVors Vam ¥ Vor <1 Vor
i
: 1 -V 4V
oM ™ © ‘0T
b ~ - - e ————— +
2) S (- 15)1 - 6ok eXP ( v, ) frfo SMk

+
for V, VOTZ f

™ TVO T 11

Equations 55
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a)

b)

d)

‘™ VM

s (1-f£)f (-6 Y56 exp
L i i7 TK' = "M T°MK .

2d
for _VMKS VTM < fo VOT ( i - 1)

Lesi b Vor Vam " 1Y% 2
—1;— ~ (l-f.M)fT 1—6TK exp Yo 1 fOVOT 2d
+
o s [1_ Vom * T Vor | 2
™ 0 07T f Vv 2d
+f f 5 exp 0 0T
M T "MK B

+
Iom Vo

VTM
—_— s = 4 2
I ~ (1 f] I)fo (1 60K) fI xfo 6] (K exp =

- +
for VMKS VTM VOT <0

|




IOM

e P - =
) ~ (1= )6 |1 - 5y exp

r + 0
for VTM VOTZ

Equations 56

Clearly, these equations are only estimates, since the potentials will in practice
change in a continuous manner as we go across a plane from a region in front of
the Pd_Si to a region in front of the Si0

2 2
redistribution effects, which will certainly exist if we are in a condition such as

. Also they do nat take into account any

Figure 39c, where all seccndaries passing across the plane 4 camnot make it to
the mesh. Finally we have added the mesh (M1) electrons in an ad hoc way. Nonetheless

they can serve as guidelines for our discussion. They should be qualitatively correct.

Curves of I’I'M/IB and IOM/IB are plotted in Figure 40 a and b as a function

I~y p— 4 . ]
of V,,/Vfor constant values of V. A7 on the basis of equations (55) and (56),

assuming the following constants,
L

VM zVTzVO ~ V, _Zd_ << 1

= 0.33

The information contained in Figure 40 a and b can be plotted in a number of different
ways, making use of the fact that

Vom = Yom ™ Vor (57)

Thus Figures 41 and 42 show curves of I0M vs. V0T for constant values of

Iy v

VOM_ respectively, while Figures 43 and 44 show curves of I0M

v v 3
and ITM VS, VTM for constant values of OM . The latter two curves are
Iy v v
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particularly significant, since we are postulating that the oxide floats to some |
] average potential and does not deviate significantly from that over the frame time.

Finally, Figure 45 shows curves of

I +1 v v
SM__IM vs. .'.I_.M for constant values of oM

5 v v |

These curves are the current we would measure coming out of the mcch loop as a !

. i
i S e i

function of V'I'M , if we hold VOM equal to a constant. It is clear that in the

A A
fourth quadrant where secondary emission occurs the behavior is drastically

dittcxent depending on whether VTM is greater or less than V At this point

oM’
the oxide to target voltage changes sign. To the left of this point, we are predominantly

modulating the secondaries leaving the oxide when we change VTM’ while to the
right of this point, we are modulating the number of sec ondaries entering or |
leaving the target when we change V'I'M

The concepts of an oxide surface acting as an equipotential as described

in the above implies that V_,_ is on the average positive. Otherwise, the carriers

oT
would tend to leak off the oxide to the metal during the entire frame time, causing

the oxide surface to return to a nonconducting state. We have nonetheless added in the
curves where VOT is negative for completeness. They could apply, for example, to
systems where we have a metal mesh integrated onto the top of the oxide, and an external

bias controlling the voltage between the two surfaces.

Before proceeding to where we bias ourselves on these curves in practice,

and how they relate to imaging, we would like to recapitulate, that we have actually not
assumed very much up to this point. The rather complex curves of Figures 40 to 45
are a natural cornsequence of having isolation between the oxide and target surface, so

that a voltage V

oT A exist . etween than. This voltage wiil control the net secondary i

emission.

iii. I-V Curves between Target and Oxide

In order to determine where the oxide floats, and therefore where we {

bias ourselves on the preceding curves, we must know something about the I-V relation
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between target and oxide under the influence of the beam. Here we can make a
number of different assumptions. We will test two rather drastically different
ones in order to show that the detailed nature of this assumption does not affect

the qualitative results concerning the imaging properties.

First, we will assume that no current can cross :his PUZSi to oxide boundary

under the influence of the beam. Then since the oxide surface must be in a cyclic
siate, there can be no net current off the oxide surface during the frame time, so

thi't the average value of IOM must be zero. Referring to Figure 40b, this mez:s

that for the numbers used above, the average value of VOT must be

\" I \Y%
— isnegative. Since in Figure 40a does not show
b \" \" IB I
any significant dependence on 0T when _TM is positive, TM would then be
2 v B

given by the bottom curves of Figure 40a. This is reproduced in Figure 46. In this

positive when

case, this is the average current that we would measure coming off ‘he retina as

a function of VTM' It is only a property of the P4_Si secondary emission curve,

2
a:d not a property of th.: oxide secondary emission curve. As we will show in
the section on imaging, however, the oxide properties will show up in non-uniformly

illuminated retinas, even though .o current can cross this boundary.

We have measured many experimental curves of the average signal current,
<IS> , out of the silicon vs. VSM' It would appear from this data that the assumption

that no current can cross the oxide to target boundary is not a valid one. For
\Y

very negative, the signal current would go negative, only for the secondary
A

emission coefficient of the szsi greater than unity, if no current can cross the
target to oxide boundary. The § curve for Pd goes through unity for the cathode
to target voltage VKT’ equal to 120 volts. For Si, the § curve crosses unity for
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landing voitages ~ 100 volts, while for SiOz, it crusses unity between 30 and

50 volts. We have seen net secondary emission off the composite surface, or

average signal currents which are negative, for landing voltages as low

as 30 volts. We thus infer this to be D.C. conduction of electrons off the oxide
surface into vacuum, If electrons cannot pass directly through the oxide from the

Si, this implies that electrons must flow from the szsi to the oxide surface. Finally,
we see a temperature dependence to the average secondiry emission curves off

the composite surface. This can be most easily and naturally explained in terms

of a temperature dependence of the current which can cross this boundary.

With these experimental facts in mind, we choose as our second assumption,
that tue current which can flow from target to oxide under the influence of the

beam is given by

A\
V., -V )
! (ITO)S —q ( 0T~ 0T,

= exp k Ty -1 (58)

'This is a logical consequence of Figure 39a, if more electrons can enter the metal

from the oxide than vice-versa, when V. is zero. The current flowing is then a

standard diode curve, where q is the electronic charge, k is Boltzman's c:nstant,

TB is the effective electron temperature in the oxide under the influence of the beam,

IT 0 is the maximum current that can flow over the barrier from the metal when
S

VOT is very positive, and VOTO is the built in voltage necessaxry to give no net

current across the boundary. I
TOg

probably not very temperature sensitive since electron-electron scattering

should be a property of the metal only and is

probably determines its value. TB on the other hand is determined by how fast

the hot electrons can decay to the bottom of the conduction band in the oxide and is

probably controlled by phonon scattering. it therefore seeins likely that TB will

be larger at lower temperatures than at higher temperatures. This, in turn,

implies that V would be somewhat larger at lower temperatures. Figure 47

0T
0
therefore gives a qualitative plot of VOT as we envision it, at room temperature

\Y
and at nitrogen temperature.
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If we are in a steady state and all diodes are uniformly illuminated, then the

average value of I, = must equal the average value of I By comparing Figures 41

TO oM*
and 47 we may then draw up the average value of IOM vs. VTM’ both warm and

cold. This is plotted in Figure 48. Since VOT is always positive, under the

assumptions of equation (89, Figure 48 may be added to the bottom curve of Figure 40a

to obtain the average signal current as a function of the average value of V'I'M' This
is shown in Figure 49. These curves qualitatively resemble all of the experimental
data thot we have e ‘er seen when we take into account the effects of the diode.
For example, these curves may be compared with the experimental curves in
Figure 50, where the effec*s of the diode impedance have been removed by flooding

the retina with light thus forward biasing the diodes. In this case, V may be

™

directly compared with V__ . since any voltage drops across the diodes are small.

Many such experimental cstiwrves have been taken, under varying conditions. They
all have in common that the cold and warm curves cross i: some value of Vﬂ .
On either side of this crossover, the cold cwves show a smaller absolute

value of current than the warm curves. The coid curves cross through zero signal
current at more negative values of VSM than the warm curves. For VSM very
positive, the cold and warm curves both level off to about unity, while for VSM
ngative, the cold curves saturate to a significantly lower value of secondary
emission than the warm curves. All of these same things occur for the theory,

if equation (58) is assumed as the type of relation for ITO vs. VOT’ and I‘B is taken
as larger at the lower temperatures. We therefore assume that equation (58) is

probably a reasonable descriptian of the facts.

iv. I-V Relations of the Photodiodes

Finally, in order to determine the measured I-V curves between Si and mesh,

we need the I-V relation of the photodiodes. Thus we assume that

t qV
_ _f ) ST
IST = '—tR 1co(exp kT ) RH (59)
for VST 2 -VB
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that I'I‘O follows Equation (58).
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where tf and tR are the frame and read times respectively, i co is the saturation

current of the diode, R is the retina responsivity and H is the radiance.

Here V_ is the breakdown voltage of the diode. For V

B < -V_, it is assumed that

ST B

dIST is very large and positive. V_ is related to VTM by

S
d VST

\Y%

where VSM is the applied bias between Si and mesh. Thus equation (59) may be

combined with (60) to give

AV = Vo)
KT -1} -RH

The average value of IST must equal the average value of the signal current.

Thus equation (61) may be superimposed on Figure 46 or 49 for the average signal
current to determine the value of VTM as a function of RH, and VSM'
position of equation (61) and Figure 46 is thus shown in Figure 51 a and b for two

A super-

different values of V It is clear that qualitatively similar results would occur

SM.
by superimposing equation (61) with Figure 49, Let (V,/V ) be the value of VM

where the signal current crosses zero. Then if (VSM - VC) is less than 14
\4 v
'? » the average signal current will gradually increase with increasing light

level, saturating at 0. 032 I for the case shown in Figure 51a, For V_ M VC
i)

v v
large compared to B » the diodes will look as shown in Figure 51b., Thus

VoM will equal V for light levels such that _t_f ( RH +i05) > 0.033,

- t

R\ B

\Y
while ¥ i v'SM B for light levels such that ( Bl iC < 0.033.
v I ~~~
An experimental dark curve of < S >vs., V

s

I
curve _SM  in a strong light. As theory predicts, the current increases to more

s

SM is shown in Figure 50, along with the
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negative values in the light for constant values of VSM’ saturating when VSM equals

VTM’ It would appear from this curve that the diodes have a very high impedance
out to about 10 volts, at which point they have a fairly sharp breakdown.

Ve Imaging Properties of the Retina

With this much ground work on the various I~V relations, we now feel that we
are in a position to discuss the rather complex imaging properties of this system.,
We will carry this discussion through first on the assumption that ITO is

'

identically equal to zero, even though we do not feel that this is experimentally the

case. The qualitative behavior of the imaging is not very dependent on this

assumption, and it helps to simplify the discussion the first time around. We will

then discuss how the results are modified if we change ﬁ‘g to that given by equation (58).
)

° Imaging from the Composite Surface for IT0 =0

s

In this case Figure 51 is applicable to the average signal current vs, light level.
If a non-uniform light level is applied to the retina surface, each diode must independently
charge through the beam current landing on its Pd281 surface. Thus for each diode,
I I A\

i-M- = -LSB—T , and —E—M will be defined as a function of light level by Figure 50, for
A

each diode independently. Thus diodes in the strongest light will have the most negative
values of VTM’ while diodes in the dark will have the least negative values of VTM'
Referring to Figure 43, if IOM were to be identically zero for each diode area independently,
then VOM would have to also change from dark regions to light regions in order to
accommodate the changes in VTM with light level. Thus V oM would have to be more
negative in the light areas and less negative in the dark areas. This could happen if

there were no eonduction along the top of the oxide surface. Then Figure 51 would tell

the whole story, and imaging would occur by modulating VTM and ITM with light level,

This would be the so-called normal or Dresner mode, The secondary emission would

increase with increasing light level, or the signal current would become more negative
with increasing light level,
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However if the top of the oxide is conducting, under the influence of the beam,
the canduction electrons will flow from the more negative to the less negative
regions, their space charge easily being compensated by capacitative charging on
the Si-oxide interface immediately beneath them, Thus the value of VOM will be
smeared out, and VOM will be equipotential, determined by the average value
of the light on the retina surface, or the average value of VTM rather than the value

determined by a local diode. VWil thus float to a value such that <lom™ - o,

For example, let us suppose thuu v are biased as in Figure 51a, and that VTM

averaged over the entire scene comes out to -3.5 V., Then according to Figure 43,
v oM would be about -2V and this would be true for the entire retina surface. Then
while <I>OM would equal zero, we can see from Figure 51a and a curve such as

Figure 43, that the dark areas would correspond to VTM =-3, and IOM equal to

v 5
-0.09 while the very light area would co respond to VTM = -6 and IOM approximately

W 'p

equal to +0,11 0M would thus be modulated with light as well as 'TM . The total

's p

signal current can be read off a curve such as that of Figure 45 for VOM =-2, and

\Y
Y TM between -6 and -3, It is clear that the least negative values of VTM corresponding

\Y%
to the dark areas give the most negative signal currents, while the most negative values

of VTM corresponding to the light areas could even read a net positive current. The
change in signal current with light level is thus the opposite of that predicted by Dresner.
This is then the so-called inver‘ed mode. Experimentally the polarity of signal changes
corresponding to the inverted mode has been seen in all cases except one where there
was a very close mesh spacing, and it was felt that the beam did not strike the entire
retina surface because of shadowing by the mesh. We will save a discussion of this until
later, hbwever, and discuss other properties of this inverted mode first.

First off, itis clear that for the case discussed, there is a built in gain in

the signal current over that obtained by normal storage. When tf RH changed

' s
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by 0. 025 corresponding to saturation of the signal, the output signal Is/lB can be
estimated from Iigure 45 to have changed by 0.17. Therciore a gain of about 7

was achieved for the numbers used in this calculation.

If we are looking at a moving scene, but the overall light level on the target

stays the same, then the value of V M will remain the same, and we should be able

0
to track at a rate determined by the response time of the diodes. On the other hand

if the overall light level on the scene changes, VOM

accommodate the average changes in VTM' Since these changes involve changing

must also undergo changes to

the very large oxide to Si capacitance corresponding to that of the whole retina,
they will occur rather slowly. Thus as we increase the overall light on the scene,
<V

> will become more negative and V0 will gradually drift to more negative

™ M
values. Since the values of V, corresponding to the lightest and darkest diodes do

not change, we may infer f:ron"f Igigure 45 that the signal current read from the
darkest diodes will gradually change to more negative values and the signal current
read from the lightest diodes will also gradually go toward more negative values.
Thus the signal current read from all the diodes will change when we change the
overall scene, their average current becoming more negative with increasing

overall light level. This is precisely the behavior that we see as a function of time
when we change the overall light scene. It was in fact this data which indicated that
all the diodes were coupled together through a common capacitance, (the oxide to Si
capacitance) and led us to the concept that the oxide surface was acting as a conducting

mesh,

As we continue to increase the overal! light falling on the scene, VOM will

finally go sufficiently negative that V__ will go negative on the darkest diodes.

Electrons will then spill over from tl?e;r oxide onto those diodes so that VO T stays
zero, and the current we can draw through these darkest diodes will saturate. As we
increase the light level still further, diodes with slightly higher light levels will go
into saturation along with the darkest diodes, and the low level contrast will be lost.

Thus the picture will begin to blur out with increasing light level, as is observed.

If VTM is made more negative we will finally bias ourselves into a situation
\Y%
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such as that shown in Figure 51b where all the diodes will carry the saturated current
coming off the targets. Therefore the individual diode currents do not contain any
information about the light level on the diode. However, the diodes in a strong light
have VTM equal to V M’ while the diodes with low light levels sit with vTM equal

S

to vSM + VB. Since vTM controls the current out of the oxide, we can still image
a black and white scene even when all the diode currents are the same. This .us
been seen in practice. In fact, by examining Figure 45, it is clear that if vTM is

modulated by VB’ we will get our largest signal changes by allowing _VTM to

v
be very negative. However, if the field between composite surface and mesh

becomes too strong, it will pull down the potential maximum in front of the oxide as
indicated in equations (53). Thus our ability to modulate the electrons will finally
disappear for _vﬂ < L_QT (_gd_ fT*'fO). There will then be an optimum in LI'_M_
57 v L A4
for the best range of output signals. This optimum should go more negative as the
mesh to target spacing increases. While this optimum will offer the best black-white
contrast, it can he seen from Figure 51b that it will not allow for shades of grey,
especially if the diode breakdown is steep. In other words all diodes will either
read black or white. While the best black-white contrast is seen at large negative
voitages, shades of grey will thus more easily be detected if we are biased as in
Figure 50a. The best overall image will probably be achieved if vSM sits about where
the curve of < IS > vs. VTM begins to saturate. See Figure 46 or 49.
L Imaging from the Composite Surface for LT_Q_ Given by Equation (58)
B

In actual practice, we feel that the diodes are being charged on a curve

somewhat different than the one in Figure 46, This doesn't change any of the

qualitative behavior described above. It would mean that it is easier to reverse
bias the diodes, sirce the high secondary emission off the a:ide is used to charge
them. It should greatly improve redistribution problems ¢ ~.ce each diode can
charge through the local oxide around it rather then by interaciing with the remote
mesh. Since the secondary emission is better, there will be an increased dynamic
range. This increase in the dynamic range will reflect itself by a reduction in the
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built-in gain we obtain when we go into the inverted mode. Thus the total range of
output signal current that we can read by changing light level, is independent of the
| details of the I-V relation we assume for the PdSi-SiOz boundary. It is determined

mainly by the change in the voltage V that we can establish across the diodes

™
with changing light level and the corresponding change in current off the targets and

oxide into vacuum.

° Conditions Required for the Two Modes of Imaging

For the numbers used to calculate the curves in Figures 40-45, it is impossible
to bias oneself into the Dresner mode. In order to get into the Dresner mode

Vom

™"

Vrnm

is high so that we can modulate V

dI
('—’I—M' ) must be greater than ( ) at a bias condition where the diode impedance

Voo, T L
This means that ~SM B cannot go too

\'
negative or we would be in a situation like that shown in Figure 51b where dI'I'M

approaches zero. Also VSM must be more negative than the voltage : VTM

VC where ITM goes to zero, so that the diodes are reverse biased. Further
fT(GTK - 1) for the PdZSi would probably have to be at least comparable to f0 (601( -1)
for the oxide so that the modulation of the current off the target could dominate.
Finally the mesh spacing would have to be small so that redistribution of the electrons
being modulated did not cause a blurring out of the picture. Thus the voltage range

in VTM and VMK required to get into the Dresner mode is surely more limited and

tae mesh spacing is more limited than that required to get into the inverted mode.
0
We have seen imaging for thicknesses of the PdZSi ranging from 500 A to
0

5000 A, for mesh to target spacings between 2 mils and 250 mils, and for values of
VMK less than 100 vcits and as high as 750 volts. The polarity and behavior of the
imaging has always been that corresponding to the inverted mode with one exception.

The oppusite polarity corresponding to the Dresner mode was 2btained when the

mesh spacing was 2 mils VSM was between -4 and -11 volts, and VMK

For VTM < =11 volts, the urage flipped into the inverted mode. These conditions

was 400 volts.

I pretty much correlate with those expected from the above discussion, although there
is some question whether (6’11( - 1) could be high enough to get us into this mode.
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For VSM < =30 volts, the inverted image faded out. ¥or this mesh spacing

"‘zzd ~ 100. We may then infer from equation (53) that for these conditions

< V0T> ~ 1/2 volt.

It has been suggested that at the very close mesh spacings, shadowing of
the electron beam by the mesh may prevent the electron beam from landing in
regions immediately under the mesh wires. Thus, there may be isolated squares
under the mesh holes where the oxide can conduct, each square being separated
from an adjacent square by a non-conducting area. If this were the case, each
square would float to a potential determined by the light pattern falling on it, and

the value of VO would not have to be the same for 2ll squares. Thus if one square

were all light alrlld another square were all dark, the current coming o.f the light
square would be more negative than the current off the dark square. The signal
current would then have a polarity corresponding to the Dresner mode, but generally
we would not be modulating the current within a square. We might in this case get
some peculiar edge effects in a square where we are crossing a sharp boundary

between light and dark areas.

It is possible that this is going on at the close mesh spacings where we saw the
polarity of the Dresner mode. However, we are then left to explain how we managed

to flip into the inverted mode for V.

SM becoming sufficiently negative.

If we look in the dead areas, where the beam does not land, V___ inust equal

SM

VTM since no current is leaving the diodes. However the voltage between silicon

and mesh will partly distribute itself across the oxide since it is non-conducting.

Thus we can anticipate that

v~ Koxtox: Vsm (62)

0T
+
Kox tox * d
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where KOX is the dielectric constant for the oxide, t

0X is the thickness of the oxide
and d is the mesh spacing. On the other hand, by examining Figure 41, we can see
that where the electron beam lands, VOT will saturate as VTM goes more negative.
It is thus possible that as we make VSM more negative, the oxide potential in the
dead areas will go more positive than the oxide potential where the beam lands.
Electrons can then spill into the dead areas, their space charge being neutralized
by capacitative charging with holes in the Si. The oxide surface would then again

become an equipotential and we would go into the inverted mode.

d. Conclusions

Our imaging results to date, seem to indicate that the oxide surface acts as
a floating mesh which is capacitatively coupled to the Si substrate. While this
oxide mesh is isolated from the diodes when they are not being read, we are
predominantly modulating the current off of it, when the diodes are being read.
The modulation of the current off the oxide is controlled by the voltage VTM’ once
the oxide is in a cyclic state. The voltage VTM is in turn controlled by the local

light level. The ability to modulate the oxide current with V M Was not anticipated

in advance of experiment. While it greatly reduces our cmcrfrns about the re-
distribution of secondaries, it complicates the imaging results, mainly because the
oxide to mesh potential drifts with the overall light level falling on the retina. It
may be possible to minimize the effects associated with this, by making adjustments
in the beam current, the frame time, aud biasing voltages. This area deserves

further study.

The theory also suggests that if we deliberately integrated a mesh, onto the
top of the oxide, we could then control this voltage between top oxide surface and
mesh by an external supply. Modulation of current off this mesh to a remote mesh
could still be controlled by light falling on the diodes. However the voltage between
the top of the oxide and remote mesh could now be externally controlled, so that
no drifting would occur with overall light level. Since the capacitance between the
integrated and the remote mesh would be low, it vould be desirable from the point.
of view of loading to read the signal between thes: two leads, rather than between
Si and integrated mesh where the capacitance is high,
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APPENDIX

EFFECT OF MESH CAPACITANCE ON PREAMPLIFIEE INPUT

The following equivalent circuit can be used to described the effect of mesh to
iarget capacitance on the input capacitance to the preamp.

HF——{F—+
‘{ Preamp
C C —)— R
MT D T P L
i 558 P!

CMT = mesh to target capacitance
CD = capacitance of the metal-silicon diodes
CP = parasitic capacitance to ground between
retina and preamplifier input
RI = input load resistor
C C
T, G SO 'c_M—’E'cl"
! D UMT
or, since CD >> CMT
Cin™Cp * Cner

So that Cin increases if CMT increases, For exaniple, with a 1-inch diameter retina-

mesh combination, a 0.020 inch mesh retina spacing will introduce less than 10 pf
capacitance, but a 0.002 inch spacing will introduce nearly 100 pf.

Since the preamp measures the voltage to ground across R_, the effect of close

L
mesh spacing on the bandwidth is the same as an increased parasitic capacticance, i.e.,

h )

2nRL (_CP + CMT) *
Preceding page blank
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bandwidth = B =




Thus the mesh spacing should be kept as large as possible commensurate
with the need to prevent redistribution of secondary electrons,

L 3
[T P

e e e
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