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An Experimental Read -Write Holographic Memory* 

W. C. Stewart, R. S. Mezrich, L. S. Cosentino, E. M. Nagle, 

F. S. Wendt, and R. D. Lohman 

RCA Laboratories, Princeton, N. J. 

Abstract-The design, development, and implementation of an experimental, par- 

tially populated, 106 -bit read-write holographic memory with no moving 
parts and using state-of-the-art components is described. The memory 
employs an argon ion laser, acousto-optic beam deflectors, a holo- 
graphic beam splitter, a nematic-liquid-crystal page composer, a 

photoconductor-thermoplastic erasable storage medium, and a silicon 
photodiode array. The analysis upon which the design is based is 

given. Detailed descriptions of the principal components are given, 
including the performance characteristics of the erasable holographic 
storage medium. 

1. Introduction 

This paper describes the design, development, and implementation of 
an experimental, partially populated, 10"-bít read-write holographic 
memory system with no moving parts. Various proposals have been 

made for realizing read-only memories''' and read-write memories'" 
for computer applications that utilize high -density hologram storage. 
Limitations on storage density, imposed by component size'-' and light 
scattering' in the storage medium have been considered. The purpose 

* This work was partially supported by the National Aeronautics and 
Space Administration under contract NA S8-26808. 
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of the research reported here is to demonstrate that the concepts 
underlying the proposed optical systems are compatible and can be 
realized in practice. 

The functions to be performed by the page composer and the 
erasable storage medium present many formidable problems. Although 
many materials and de\ ices have been suggested, practical light -valve 
arrays and storage media that are capable of operating satisfactorily 
in submillisecond cycle times with existing lasers do not presently 
exist. Therefore a complete system NS ithout moving parts, capable of 
operating at realistic speeds as a computer memory, is beyond the 
present state of the art. The alternative approach taken here is to 
ignore the speed requirement for the moment, and develop an operating 
breadboard system with presently realizable components. With the 
exception of laser power, the design of the system optics is essentially 
independent of the speed requirement. As initially conceived, the 
prototype memory employed a (1 -switched ruby laser, a two-dimensional 
acousto-optic deflector, a liquid -crystal page composer, a manganese- 
bismuth film for erasable magnetic holograms, and a silicon-photodiode 
detector array. Experimental difficulties with the output stability of 
the ruby laser led to the substitution of an argon ion laser and a 
photoconductor-thermoplastic storage medium with greater sensitivity 
and efficiency. The change to a shorter wavelength, along with a de- 
crease in the guard space required around the storage holograms as 
compared with MnBi, gives a substantial storage density improvement 
over the original design. 

2. Description 

The organization specified for the memory system required that there 
be space in the storage medium for at least 1024 holograms, each of 
which can store 1024 hits (one page) of information. To provide an 
extra margin of immunity to image fluctuations from a variety of 
possible sources, each bit of information in the image of a given page 
is associated with two diagonally adjacent image spots, A and B. The 
condition A on and B off represents a binary "0", A off and B on 
represents a binary "1"; the two remaining combinations where A and 
B are simultaneously off or on are not used as inputs and represent 
an error condition if detected. 

The memory system is partially populated in a manner that permits 
a realistic assessment of the performance of a fully populated system. 
The page composer is fully populated, so that each page written into 
and read from a hologram contains the full 2048 image spots repre- 
senting 1024 bits in a page. The deflection system has the full resolu- 
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HOLOGRAPHIC MEMORY 

tion for addressing any one of 1024 holograms. Only 48 of the possible 
hologram locations are active -16 in locations near the center of the 
array and 32 around the periphery. There are five separated groups 
containing four nearest neighbors, so that full density in local areas 
at the center and boundaries is included. The photodetector array 
contains 20 diodes for sensing 10 of the 1024 bits in each image. These 

are divided among an adjacent bit pair at the center of the image and 
four bit pairs around the periphery of the image. 

/ SHEET / POLARIZE 

/ 
/ / HOLOLENS / 

/ / DEFLECTED 
LASER BEAM 

90' ROOF PRISM 

PAGE \ 
COMPOSER\ 

OBJECT BEAM 
LENS 

Fig. 1-Holographic optical system. 

READOUT 
LENS 

STORAGE 
MEDIUM 

- -------- 
PHOTODETECTOR 

ARRAY 

Other criteria are that the information packing density be reason- 
ably high (103 bits/mm'), that light utilization be efficient, and that 
the basic design be capable of extension to larger sizes and higher 
capacities. Fig. 1 is a top -view sketch of the holographic optical system 

layout selected for the system. 
The light input to the system is a small collimated and polarized 

laser beam that intercepts the hololens at a fixed angle, 45° here. The 

point of intersection is selected by a deflection system, not shown, that 
is capable of displacing the beam parallel to itself both horizontally 
and vertically in fixed increments. Each possible position of the beam 
will ultimately result in the illumination of a single hologram location 
on the erasable storage medium. The hololens consists of an area 
array of permanently prerecorded holograms. one for each page of 
memory capacity. Light diffracted by the hololens, when polarized 
parallel to the transmission axis of the sheet polarizer, passes through 
the object beam lens to illuminate the light valves of the page com- 

poser. The object beam lens projects an image of the illuminated holo- 

lens area onto the storage medium. Thus, the object beam light from 
the page composer strikes the storage medium only at the location 
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where a hologram is to he written. The page composer is a two- 
dimensional array of light valves. The transmission of each light valve 
is controlled by electrical signals that compose the page of information 
to be recorded in a hologram on the storage medium. Since the active 
area of the page composer containing the light valve array is the 
aperture stop for the object beam lens, the array has an approximately 
circular boundary in order to minimize the required lens diameter. 

The zero -order component of the collimated input light beam, which 
is not diffracted by the hololens but is transmitted without deviation, 
is folded by a 90° roof prism and arrives at the storage medium at a 
horizontal offset angle of 45°. This beam is used as the reference wave 
for recording holograms on the storage medium. Two reflections inside 
the prism produce inversion of the horizontal and vertical positions of 
the reference beam that. match the inverted image of the hololens pro- 
duced by the object beam lens. Thus, object and reference beams are 
coincident on the storage medium for any point of incidence of the 
input beam on the hololens. 

Storage medium holograms are read out by rotating the plane' of 
polarization of the input beam by 90°. Diffracted light from the holo- 
lens is blocked by the sheet polarizer, so that only the reference wave 
illuminates the selected hologram on the storage medium. The re- 
constructed wavefront represents a virtual image of the page composer 
in the state of transmission that existed during the recording of the 
hologram. This image is projected at unity magnification onto the 
photodetector array by the readout lens; it is diffraction limited by 
the small aperture of the single hologram that is read out at any given 
time. Since there can be no vignetting of the image rays from any of 
the holograms arrayed on the storage medium, the total active storage 
area forms the aperture stop for the readout lens. The boundary of 
this area is also made approximately circular. The photodetector array 
contains photosensitive diodes at locations where the image of a page 
composer light valve can appear. The information output of the system 
consists of the resulting electrical signals. 

In summary, the principal advantages of the present optical con- 
figuration are as follows: 

[al Storage medium holograms of high packing density may be re- 
corded in the Fourier transform plane of the page composer. 

[b] Use of the hololens provides deflection for the object beam with 
efficient light utilization for writing. 

[c I Locating the page composer and erasable storage medium adjacent 
to the imaging lenses minimizes the lens diameters for given focal 
lengths and memory capacity. 
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[d] Use of the same reference -beam incidence angles for both writing 
and reading permits alignment of the image on the photodetector 
array without recording holograms. 

The principal disadvantages are: 
[a] The object illumination must be blocked during readout. 

[b] Different increments of horizontal and vertical displacement of the 
deflected input beams arrih ing obliquely at the hololens must be 

provided. 

3. Design Analysis 

A specification of parameters such as size or spacing for one component 

in the optical system usually dictates requirements for other compon- 

ents. In this section, some of the important relationships among the 

components are analyzed. Simplifying approximations and empirical 
measurements are used freely. The purpose is to provide a semiquanti- 
tative basis for evaluating trade-offs in arriving at a final design. 

3.1 Deflector Resolution 

The number of resolvable positions N in one dimension that is ob- 

tained from an acousto-optic deflector cell is given by 

N = A0/..5¢, [1] 

where .10 is the angular range over which the incident laser beam can 

be deflected (assuming small deflection angles), and .SO is the incre- 

mental angular spacing between the central rays of two adjacent de- 

flected beams. The far -field diffraction pattern, appearing in the back 

focal plane of a lens, contains the spatially resolved light spots. The 

angular range depends on the frequency range of the acoustic waves, 

the light wavelength A, and other constants. The allowable angular 
spacing .S¢ depends on the amount of diffraction spreading of the 
light due to the finite diameter D of the cell's optical aperture, and 

the amount of overlapping of spots that can be tolerated. Since the 
diffraction spread is proportional to A/D, let 

= aA/D, [2i 

where the constant of proportionality a is chosen according to the 
desired resolution criterion. For a uniformly illuminated aperture and 

an effective Rayleigh resolution criterion in which spots are considered 
resolved when the maximum of one spot falls on the first minimum of 
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the neighboring spot, a= 1.22 and 

_1BD 
N(Rayleigh) _ . 

1.22 A 
[3] 

Since the input laser beam has an inherent Gaussian intensity 
profile through its cross section, only 37% of the light power can be 
utilized in forming a perfectly uniform beam. If a sufficiently small - 
diameter Gaussian beam is used, such that substantially no light is 
blocked by the cell aperture, the increased diffraction spreading re- 
duces the number of spots resoled according to a given criterion and 
for a fixed aperture size. A useful compromise for optimizing light 
throughput and resolution is to expand the laser beam so that the cell 
aperture truncates the laser beam at its 1/e2 intensity radius. This 
allows 86% of the laser beam through the aperture, and increases the 
diffraction spreading to approximately 1.4 times the value obtained 
with no truncation of the same size Gaussian beam. Let á,f3 represent 
the angular spread over which the output beam drops from its central 
maximum to 1/e of this intensity value. It can be shown' that 

=0.672-. 
D 

[4] 

For a resolution criterion that specifies that the separation between 
centers of neighboring spots be k times 

and 

_10=0.672k- 
D 

a(k) - 0.672 k. 

[5] 

[6] 

Therefore, for a given _SO and D, the number of resolvable spots Nk 
according to the labove criterion can be expressed in terms of the 
number resolved by the Rayleigh criterion: 

Nx = N(Rayleigh) x 1.82/k. [7] 
It can be seen that as k increases, the Rayleigh resolution of the de- 
flector must increase in order to obtain a given number of spots 
resolved by the k criterion. 
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3.2 Reference -Beam Spreading 

A major influence on image contrast arises from the partial illumina- 

tion of neighboring holograms on the storage medium during readout 
of a particular addressed hologram. The reference beam (and the 

object beam) must have sufficient extent to properly expose the storage 

medium during writing to produce a hologram of the desired diameter. 

During readout, when the reference beam is centered on the addressed 
hologram, the total light flux onto the neighboring holograms must be 

significantly less than on the selected hologram. Illumination of the 

deflector aperture with a Gaussian beam profile that is truncated at 
the 1/e2 intensity radius results in a deflected beam profile that is very 

nearly Gaussian in the main lobe. This profile is therefore approxi- 

mated by the expression 

1(r) = Io eXp [-(r/r0)21, [8] 

where r is the radial coordinate in the storage medium plane, centered 

at the addressed hologram, and ro is the radius at which the intensity 
falls to 1/e times the central intensity Ia. 

Assume that the efficiency with which the image of each data spot 

is reconstructed at the photoconductor is the same for each hologram 

in the array. The images from neighboring holograms that are par- 

tially illuminated are derived from the same coherent wavefronts of 

the reference beam that produce the desired image. The images from 

the neighboring holograms arrive at the photodetectors at slightly 
different angles, however, and produce spatial interference patterns 
whose periods are smaller than each photodetector. The result is that 
it is necessary to add the respective intensities of the illumination 

from neighboring holograms, rather than the amplitudes, because of 

the spatial integration that occurs over the area of each photodetector. 
The question of interest is thus reduced to consideration of the light 

flux on the addressed hologram compared with the total from all the 
neighbors. 

Define F as the fraction of the total light flux in the reference 

beam that falls within the boundary of the addressed hologram. 

Similarly, F is the total light flux on neighboring holograms, ex- 

pressed as a fraction of the total incident flux. The minimum contrast 
Cr in the image due to readout beam spreading is 

C* = F,/F [9] 

This ratio gives a worst -case estimate for the effect of reference -beam 
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spreading, since it assumes that bits in the neighboring holograms are 
binary complements of the corresponding bits in the addressed holo- 
gram. For square holograms of width h in a two-dimensional square 
array with center -to -center spacing sh, define the one-dimensional pack- 
ing factor nh as 

71h = )i.ish. 

Cr 

1000 

500 

200 

100 

50 

20 

10 

5 

2 

.2 .4 .6 .8 1.0 

[10] 

Fig. 2-Worst-case image contrast due to reference -beam spreading as a function of hologram size and spacing. 

The resolution factor k is given by 

k = s,ra. [11] 

Fig. 2 is a graph of the results of a numerical computation of the 
dependence of Cr on r/h for various values of k. Fig. 3 plots the de- 
pendence of Fa on these parameters. Whereas Fa increases as both 
nh and k increase, C,. increases with decreasing ,jh and increasing k. 
Using circular holograms of diameter h is equivalent to reducing 

m%h 

by a small amount in these calculations. 
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Fig. 3-Fraction of reference -beam light flux on addressed hologram as a 
function of hologram size and spacing. 

3.3 Image Resolution 

Consider the diffraction spreading in the image caused by a finite 

hologram diameter h. The page composer is illuminated by coherent 
light of wavelength A that is converging to a point in the Fourier 
transform plane at an axial distance z from the page composer. Page - 

composer light valves of diameter p form a periodic array with center - 

to -center spacings of sp. Over 80% of the light transmitted by the 

page composer appears in a circle of diameter dA in the Fourier plane; 

this is the size of the central disk in the Airy diffraction pattern of 

one light valve. 

dA = 2.44 az/p. [12] 

Experimental measurements were used to determine the dependence of 

diffraction -limited image contrast on the quantities 

and 

[13] 

[14] 

The data were obtained using a standard Fourier filtering set-up 

in which a metal mask with periodic apertures, simulating the page 
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composer light -i alve elements, was placed in the input plane. A circu- 
lar aperture i epresenting the storage hologram was placed in the 
Fourier transform plane to transmit only the wavefronts that could 
be reconstructed from a hologram of the same diameter. The image 
plane contained a photodetector having an entrance aperture equal to 
the size of one page -composer element. Measurements were made of 
the light flux collected by the photodetector in the image of one opaque 
page -composer element surrounded b. all transparent elements, and 
the light flux in the image of an adjacent transparent page -composer 
element. The ratio of light in the image of a transparent element to 
that in the opaque element is called the diffraction -limited contrast Cd. 
Ratios as high as 4 X 10+ Nvere measured without serious error from 
flare light. The results may be extended to systems with different focal 
lengths, magnifications, and element sizes by maintaining the same 
scaling ratio a between hologram aperture diameter and the diameter 
of the central Airy disk in the Fourier transform (far -field diffraction 
pattern) of a single page composer element. Some of the experimental 
data are listed in Table 1. 

Table 1-Experimentally Measured Values of Diffraction -Limited Contrast 
Cd as a Function of a and 1)p 

a 

rip 1.7 1.5 1.4 1.2 1.0 0.8 0.65 0.5 

0.40 10,700 3980 1430 1070 15,000 2640 415 111 
0.50 2210 3240 872 2440 2600 1730 420 2880 
0.67 711 600 814 425 1920 179 260 2.65 
0.75 - - - 206 1030 100 4.7 - 
The fluctuation of Cd as a varies is a real effect caused by the 

abrupt boundary of the hologram aperture in the experiments. Note 
that Cd .is greater than 102 over a ± 20% variation in hologram di- 
ameter around the value a = 1 for all the experimental values of i . 

An additional insensitivity to the effects of diffraction spreading 
is built into the geometrical arrangement of image points that consti- 
tute an information bit. Diagonally adjacent pairs of detectors repre- 
sent a single information bit; the pairing of neighboring spots into 
bits is such that the spillover light from any valid combination of in- 
formation states in the neighboring spots falls equally on the two 
detectors. The desired information forms a difference -mode signal, 
while the noise due to diffraction spreading becomes common mode. 
The effective contrast from diffraction spreading becomes the product 
of Cd as measured for single spot detection and the common -mode le- 
jection ratio of the detector electronics. Defects that alter the effective 
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hologram aperture into a nonsymmetric shape, however, will tend to 

degrade the contrast in both factors. 

3.4 Other Considerations 

Intermodulation distortion in Fourier -transform hologram images of a 

periodic object, such as the page composer, reduces contrast by pro- 

ducing secondary images of an illuminated spot at the primary image 

locations of other page -composer elements. The effect occurs when the 

reconstructed wave amplitude is not linearly proportional to the object - 

wave amplitude used In recording the hologram. Spatial fluctuations 

of the object beam amplitude that are sufficiently large to exceed the 

linear dynamic range of the recording medium produce a recorded non - 

linearity. Pseudo -random phase plates that uniformly shift the phase 

of the optical wavefront from each page -composer element greatly 

reduce the spatial fluctuations.'°'" An alternative is to use diffuse 

illumination of the page composer at the expense of introducing 

speckle noise in the Image from a high -density hologram. Nonlinear 

distortion is also inherent in the reconstruction of linearly recorded 

phase holograms of high efficiency; however, this effect is essentially 

negligible for peak diffraction efficiencies less than approximately 10%. 

Another aspect of image contrast to be considered is the extinction 

ratio required of the sheet polarizer used to block the object illumina- 

tion during readout. The sheet ís aligned to transmit the vertically 

polarized object illumination during writing. The intensity trans- 

mittance is n1, and transmittance of the horizontally polarized object 

illumination during readout is m_, where in._ «mi. If the light flux 

from one page -composer bit is F° at the hologram during writing, then 

the flux into the image of a bít due to unextinguished direct object 

illumination is Form.,/ml, where r is the intensity transmittance of the 

storage medium. The light flux In the image of a bit reconstructed 

from the stored hologram is the product of the reference beam flux F0, 

and the efficiency E per bit. Define the beam balance ratio K as 

K = F°/Fo, [15j 

and note that the reference beam flux at the hologram is the same for 

both reading and writing. The contrast Cp is the ratio of the flux 

in the readout image of a bit to the flux from unextinguished direct 

object illumination. 

KEmr 
Cp = [1G] 

rm7 
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3.5 Storage Capacity 

This portion of the analysis defines the influence of the design para- 
meters on storage capacity. Since the page -composer elements and the 
storage -medium holograms each form an array whose unit cell is a 
square, 

Ap = Np(sp)2 = Np(p/iip)2, [17] 

As = Ns(sh)2 = Ns(h/nn)2. [18] 

where p - diameter of one page -composer element 

h - diameter of one hologram in the storage medium 

sp - center -to -center spacing of page -composer elements 

s,, - center -to -center spacing of holograms 

'ip - spatial one-dimensional duty factor of the page com- 
poser = p/sp 

- spatial one-dimensional duty factor of the hologram 
array = h/sh 

The hologram diameter is a times the diameter of the Airy disk of 
a page -composer element, 

h= 2.44aAz/p, 

where A - wavelength of light used for writing and reading 

[19] 

z - axial distance from page composer to storage medium 

a - ratio of hologram diameter h to the diameter of the 
central Airy disk in the Fourier transform of one page - 
composer element 

Combining Eqs. [17], [18], and [19] gives 

aAz 
ApAs=NN, 2.44 

C rlp7Ih 
[20] 

Choosing the boundaries around the page -composer elements and the 
storage -medium hologram array to be octagonal rather than square 
gives 
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AP = P2/-\/2, [21] 

and 

A8 = S2/V-2: [22] 

Combining Eqs. [21] and [221 with [20] gives 

a,1x 2 

P252= 2NpN (2.44 [23] 

\ VPT]h J 

3.6 Specifications 

To fix the design of the optical system requires numerical specifica- 

tion of eight quantities: hologram diameter and spacing, light valve 

diameter and spacing, wavelength, axial separation between page 

composer and storage medium, resolution criterion for deflector, and 

photodetector diode diameter. To maximize the readout light, the 

diameter of the photodetector is chosen to equal the diameter of a 

page -composer light valve. In order to obtain identical specifications 

for focal length and aperture of the object -beam lens and readout lens, 

the page -composer diameter P is set equal to the storage -medium 

diameter S. This choice also minimizes the range of angles over which 

the object beam is incident on the storage medium. The 1024 holo- 

grams in the storage medium are arranged as a 36 x 36 array with the 

corners truncated to gise an octagonal boundary, requiring a de- 

flector resolution of 36 positions in each dimension instead of 32. The 

remaining parameter values were chosen to give reasonable trade-offs 

between image contrast on the one hand, and practical size and cost 

on the other hand. 
Table 2 lists the resulting specifications. The initial design was 

for a ruby -laser system incorporating an InBi storage medium. The 

specific Curie -point writing characteristics of the MnBi limit the 

information recording density and are an important consideration in 

this design. A calculated worst -ease image contrast of approximately 

5:1 results in equal parts from reference -beam spreading and from 

the 100:1 polarization extinction ratio ín the object beam. 

The final design resulted from a decision to change to an argon 
laser and a photoconductor-thermoplastic storage medium. Parameter 
values were chosen, for practical reasons, to minimize the changes in 

components that were already specified in the initial design; the de- 

flector resolution, page -composer dimensions, and lens focal lengths 
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were left unchanged. The reduction in required hologram size results 
from the decrease in wavelength. Resistance heaters one millimeter 
square, which provide in. situ development of the thermoplastic stor- 
age holograms, establish the maximum allowable size for a hologram. 
Since the storage -medium diameter is smaller than the readout -lens 
aperture, and since h is smaller than the size permitted by the heater 
geometry, the final design is not optimum. Reducing p and increasing 
Np to make h = 1 mm would give an eight -fold increase in memory 
capacity with the present optical system. This would result in a 
reduction of Cr from 12 to 6. 

Table 2-Design and Performance Specifications 

Parameter Initial Design Final Design 
X (nm) 694.3 488.0 
a 1 1 
/c 2 2 
z (mm) 356 356 
z/Pt 5 5 
h (mm) 0.62 0.44 
sh (mm) 1.9 1.6 
nh 0.33 0.27 
S (mm) 71 60 
p (mm) 0.97 0.97 
s, (mm) 1.3 1.3 
n, 0.75 0.75 
P (mm) 71 71 
N (Rayleigh) 40 40 
EN, 10- 10-2 
K 102 10 
T 0.1 .3 
?n,/m_ 100 100 
Ca 103 103 
C, 10 12 
C, 10 33 

t Effective f/number of the imaging lens system. 

4. Laser -Beam Deflection 

4.1 Deflector Cells 

The holographic optical system design requires that the deflector cells 
resolve 36 positions s ith the center of an adjacent spot falling at twice 
the e-1 intensity radius of an addressed spot. The cells are illuminated 
with an expanded and collimated laser beam that is truncated at the 
e-2 intensity radius by the cell aperture. These requirements are 
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equivalent to specifying a cell capable of resolving 40 positions ac- 

cording to the usual Rayleigh criterion for uniform incident illumina- 

tion. Two lead molybdate deflector cells having a specified maximum 

Rayleigh resolution of 42 positions, and associated drivers, were used. 

Other characteristics are (a) bandwidth of 29 DIIIz centered at 91 

DIIIz, (b) angular deflection range across bandwidth of 4 milliradians, 
(c) diffraction efficiency per cell across bandwidth of 60%, (d) access 

time of 1.75 µsec, (e) optical aperture of 6.3 mm, and (f) spot 

position accurate to 1/2 -spot separation at 20% operating duty cycle. 

4.2 Deflector Telescope 

The laser beam, which may be deflected over an angular range 
. 9 of 4 x 10-3 radian by the deflector cell, is to be converted by a lens 

system into small collimated beams, parallel to the optical axis, that 
can span the 55 -mm width of the active areas of the hololens and stor- 

age medium. Placement of the deflector cell in the front focal plane 

of a lens system with an effectiNe focal length f' provides, in the back 

focal plane a span y given by 

J = f'-50 [24] 

for small values of angular range. This requires f' to he 13.7 m. With 
the given deflector cell aperture and this focal length, the diameter of 

the output waist changes less than 5% over an axial distance of 2 m 

centered on the output plane. Thus, the deflected beams are parallel 
and effectively collimated at the hololens plane and the storage medium 
plane, which are separated by an axial distance of 1 m. 

Shifting the deflector cell axially away from the front focal plane 
of the lens affects the parallelism of the deflected beams arriving at 
the back focal plane; the deviation from normal incidence of the 
arriving beams is greatest at the extremes of the angular range, and 
is zero at the center of the angular range. It can be shown for an 
axial translation d of the deflector cell from the front focal plane, that 
the beam leaving the deflector cell at an angle ¢ measured from the 
center of the angular deflection range IN ill arrive at an angle Ii 

á = d(p/f [25] 

in the back focal plane, but at the same position in the plane as When d 

is zero. Our requirement is that :a deflected beam arriving at a point 
on the hololens arrives at the equivalent point obtained by parallel 
projection onto the storage medium with an error of no more than 
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one-fourth the diameter of one hologram. Using the design values of 
1 -mm hologram diameter and 1-m axial distance between hololens and 
storage medium, the maximum allowable angular deviation S,,,A, from 
parallelism is 

5,,,,,, = 0.25 x 10-3 radian. [26] 

Substituting this value along with 4)= 2 x 10-3 radian and the value 
of f' gives the maximum allofflable axial displacement d,,,Qx of the de- 
flector cell from the front focal plane of the lens: 

dn. = S,y: f'/d, = 1.7 m. [27] 

This comfortably large tolerance results primarily from the small 
range of deflection angles involved. 

FRONT 
FOCAL PLANE 

INCIDENT 
BEAM 

f3 

--- 
DEFLECTOR 9 L3 

CELL 

Fig. 4-Compact lens system. 

f3 

L4 

BACK 
FOCAL PLANE 

f5 

t 

L5 

f5 

EFFECTIVE FOCAL LENGTH f 3 f5 / f4 

y 

The system of three lenses spaced as shown in Fig. 4 is equivalent 
to a single lens having an effective focal length of f3f /f4i the distance 
between front and back focal planes is 2(fr + f2 +13). For a given 
effective focal length, this distance is minimized by choosing f3= fs, 
and making f4 as small as possible. In the back focal plane of lens 3 
is the far -field diffraction pattern of the deflector cell as previously 
discussed. The size of the pattern is too small to be used directly, 
since f3 alone is much smaller than the required effective focal length. 
The back focal plane of lens 4 contains an image of the deflector cell 
with the transverse dimensions magnified by the ratio 14/13 (much 
less than unity), but with all beam angles magnified by f3/f4. Lens 5 
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produces in its back focal plane the far -field diffraction patterns of 

the image located in its front focal plane. Equivalently, the pattern at 
the back focal plane of lens 5 is an image of the diffraction pattern 
in the back focal plane of lens 3, magnified in transverse dimensions 

by the ratio 15/14 (greater than unity), and with beam angles mag- 

nified by f4/f5. This system has the same tolerance to axial displace- 

ments from the input and output planes as calculated for the single 

lens to which it is equivalent. 
The memory system design requires that the hololens and storage 

medium planes be inclined at an angle of 45° in the horizontal plane 

to the parallel beams arriving from the deflection system. The total 
lateral span, x, for the x-axis deflector, and the effective focal length 

of the optical system in the horizontal dimension must be smaller than 

the values for the vertical dimension by the factor cos 45°. The reso- 

lution of the x -deflector must he the same as that of the y -deflector, 

however. The effective focal length f,, of the lens system for horizontal 

deflection from Eq. 1 24] is 

x = y cos (45°) = 

or 

f,,=9.7m. 

LASER BEAM 

DEFLECTOR LI 
CELL 

L2 L3 
DEFLECTOR 

CELL 

Fig. 5-Deflector lens system. 
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L4 
L5 

A lens configuration that satisfies the requirements is sketched in 

Fig. 5. The expanded laser beam enters the y -deflector cell, which 

produces vertical deflection with a 4 X 10-3 radian angular range. 
Lens 1 and lens 2 are cylindrical lenses with refractive power only in 

the vertical dimension. The cylindrical -lens telescope images the 
aperture of the y -deflector cell onto the x -deflector cell with a trans- 
verse magnification of f/f1, and an angular range magnification of 
11/1.2 = 1.41. The diffraction spreading in the horizontal direction 
between the two cells 'is negligible. The deflected beams exiting from 
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the x -deflector cell have a horizontal angular range of 4 x 10-3 radian; 
the effective center of deflection for both dimensions lies at the x -de- 
flector cell. A three -lens telescope with an effective focal length of 
9.7 m thus provides the proper rectangular format of deflected, colli- 
mated beams near the back focal plane of the system. 

Design values chosen for the deflector optics are 

f1 (cylinder) - 141.4 mm 

12 (cylinder) - 100 mm 

f3 - 296 mm 

14 - 12.7 mm 

f,, - 396 mm 

Lenses L3 and L5 have a relative aperture of f/5 and are corrected 
for spherical aberration. Lenses L1, L2. L4 are of piano -convex simple 
form, stopped down to relative aperture values from f/10 to f/20. The 
overall axial separation from the first deflector cell to the output plane 
is 1.9 m. 

4.3 Deflector Performance 

The overall efficiency of the deflector telescope, including the initial 
beam expander and truncation aperture, is 70%. The efficiency of the 
cascaded deflector cells, when operated at nominal drive power, is 20%. 
Striations of inhomogeneous refractive index in the lead molybdate 
crystals produce the most serious limitation to deflector performance. 
These imperfections produce wavefront aberrations of greater than 
one-half wave and distort the far -field diffraction pattern of a deflected 
spot. 

Fig. 6(a) shows an enlarged photograph of the light distribution in 
the output plane of the deflector telescope when the deflector cells are 
removed. This distribution, for s hich the central disk is overexposed 
here, is the diffraction pattern resulting from the truncation aperture. 
Fig. 6(b) is a photograph of the output plane, with the same ex- 
posure as (a), after the deflector cells are inserted. The central lobe 
is distorted, the side lobes are much stronger, and the striations pro- 
duce additional preferential scattering in the horizontal and vertical 
directions. Measurements show that the aberrations alone spread the 
light distribution to approximately 1.5 times the intended extent. 
Thus, there is relatively less light flux at the addressed hologram and 
more spillover light at the neighboring holograms. Fig. 6(c) is a 
photograph of the output plane, N ithout overexposure, showing the 
deflected spots resulting from scanning all combinations of positions 
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1, 2, 13, 18, 19, 24, 35, and 36 for x- and y -deflection. With the excep- 

tion of 16 spots, 4 in each corner, this pattern represents the spatial 
locations of the 48 active holograms in the storage medium. 

(a) . 
» ' i _ 

(c) 

(b) 

Fig. 6-Output plane of deflector telescope: (a) without deflector cells 
(central spot is overexposed), (b) with deflector cells (same ex- 
posure as (a)) ,and (c) scanning all positions sequentially (normal 
exposure). 

5. Optical Components 

5.1 Hololens 

The hololens is an array of permanent phase holograms that sere es 

as the beam splitter for recording holograms in the erasable storage 
medium. Diffracted light from the hololens is used to illuminate all 

the light valves of the page composer. The hololens holograms repre- 

sent blank pages of information; these holograms are copied onto the 
erasable storage medium with the page composer providing the de- 

sired information pattern. 
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Simultaneous recording of the entire hololens array is accomplished 
with the geometry sketched in Fig. 7. The page composer mask is a 
metal sheet with clear openings etched in the locations of the page - 
composer light valves. A random phase plate is also included with the 
mask to uniformly shift the phase of each aperture according to a 
computer -generated pseudo -random sequence. Randomization of the 
phases ensures a sufficiently uniform spatial distribution of object 
illumination at the holograms. The optical element denoted as the 
scatterer is imaged by the lens onto the sensitized dichromated gelatin 
plate, which will become the hololens array. Uniform illumination of 
the page composer mask must be provided by each discrete scatterer 
point that is imaged onto a hologram location in the hololens array. 
One such point is depicted in the figure. A uniform collimated beam 
incident at 45° to the sensitized plate provides the reference wave for 
simultaneously recording the entire hololens array. 

SENSITIZED 
PLATE 

UNIFORM 
REFERENCE BEAM 

LENS 
PAGE 
COMPOSER 
MASK 

Fig. 7-Hololens recording geometry. 

SCATTERER 

UNIFORM 
ILLUMINATION 

To provide uniform, spatially coherent illumination of the page 
composer, the scatterer may consist of a multiple -lens array. Focused 
spots of light, one for each lenslet of the scatterer, are simultaneously 
imaged onto the sensitized plate at each point where a hologram is to 
be recorded. Molded plastic lens arrays would appear to be ideally 
suited for this purpose. Our observations have shown, however, that 
the surface finish of such an ays is generally too poor to give a uniform 
cone of illumination with coherent light. The results shown here are 
obtained with individually selected and mounted simple glass lenses. 
Fig. 8(a) is a photographic image of the page -composer mask taken 
through the 1 -mm aperture of one hologram in the hololens plane. 
The opaque aperture near the center is deliberately introduced. The 
illuminating lenslet in this case has a slight cosmetic defect that 
projects a faint shadow onto the page -composer mask. Fig. 8(h) shows 
the object -beam illumination in the hololens plane, to a different scale, 
that is mixed with the reference wave to form the hololens hologram. 
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During operation of the memory system, a pattern of identical geo- 

metrical shape and size is projected by the object -beam lens onto the 

erasable storage medium to record the page -composer information. 

71 mm 

(o) 

( b ) 

Fig. 8-(a) Image of page composer mask, illuminated by one lenslet, as 
seen through 1 -mm hologram aperture. (b) Object illumination 
of one hologram in hololens array. 

It can be seen in Fig. 8(b) that the ratio of the heater width of 

1 mm to the diameter of the central disk of the object beam pattern 
is 2.3, as specified in the final design of the optical system. Since the 

hologram size is much larger than is required to resolve the image of 

the page composer, the extra area can be used to provide additional 

redundancy. This is accomplished by imaging more than one point 

source onto each hologram area. Additional point source images are 

easily obtained by interposing crossed sinusoidal phase gratings be- 

tween the multiple lens array and the page composer mask in Fig. 7. 

The result, shown in Figs. 9(a) and (b), is the addition of uniform 
structure in the image of each element of the page composer mask, and 

the averaging out of cosmetic defects in the illumination from the 

lenslets. There remain in Fig. 9(a) some low -contrast interference 
bands caused by overlapping higher diffraction orders from separate 
lenslets. This effect is easily eliminated by slightly rotating the crossed 
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71 mm 

Fig. 9-(a) Image of page -composer mask, with redundancy added by a grating. (b) Corresponding object illumination of one hologram 
in hololens array. 

gratings in their own plane to remove the overlapping orders. 
The large area available for recording each hologram on the holo- 

lens, and on the erasable storage medium, also permits the use of 
diffuse illumination. The scatterer of Fig. 7 can be a plate of frosted 
glass in this case. Fig. 10 is an enlarged image of the portion of the 
page composer mask surrounding the central opaque element, taken 
through the 1 -mm hologram aperture with diffuse illumination. It 
can be seen that there are seven or eight resolvable points in the 

T-.y..rr.w - 

r 1: W14 1,0 ' . ';r` v` i' C 
gi:11 .4 7.8mm ct''+ 

%c;,.: :{... 11; 

Fig. 10-Image of page -composer mask, diffusely illuminated, as seen through 1 -mm hologram aperture. 
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image of each page -composer element. Although there are large fluc- 

tuations in intensity among the resolvable points, the light flux 

averaged over each page -composer element is much more uniform. 
When the hologram aperture approaches dA, the number of resolvable 

points for each page -composer element approaches unity. The image 
intensity fluctuations would then he so severe as to rule out the use 

of diffuse illumination. 
The dichromated gelatin holograms were prepared' from com- 

mercial photographic plates by first removing the light-sensitive silver 
salts to leave a layer of gelatin on glass, then sensitizing the gelatin 
in a dichromate solution, followed by development in water and alcohol 

after the holographic exposure. Typical exposures of 100 mJ/cm2, 
with a reference/object intensity ratio of 20:1, required 5 minutes to 
record over the 6 -cm -diameter hololens area. Reproducibility is only 

fair in these circumstances. Hololens arrays were obtained in which 

the zero- and first -order outputs were 65% and 8%, respectively, of 
the incident beam intensit when aligned at the appropriate playout 
angle. This gives a hololens with an 8:1 beam -splitting ratio and an 

optical system efficiency of 73%. The remaining light is lost by surface 
reflections, scattering, and absorption. A sealed cover -glass plate over 
the gelatin is necessary to prevent gradual loss of diffraction efficiency 

in environments of high relative humidity (> 70%). 

5.2 Object and Readout Lenses 

Two compound imaging lenses are required for the holographic mem- 

ory system. The object -beam lens images the hololens array onto the 
storage medium. The page composer is placed as close as possible to 
this lens and serves as the effective aperture stop of the lens. The 
readout lens projects the virtual image of the page composer, as re- 

constructed by wavefronts from the erasable holograms, onto the photo - 
detector array. The storage medium is located as close as possible to 
this lens and also forms the effective aperture stop. Both lenses are 
required by the memory system design to operate at unity magnifica- 
tion with identical focal lengths. Although a somewhat smaller 
aperture is required for the readout lens than for the object -beam 
lens in the final design, identical design specifications were chosen. 

Specifications that were chosen for the imaging lenses are listed 
below. The first six items follow directly from the final design spe- 

cifications for the memory system. The last two items are tolerances 
on image quality. 
[1] Wavelength -488.0 nm, monochromatic. 

[2] Magnification -1:1. 
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[3] Focal length-nominally 175 mm. Axial distance between image 
plane and aperture stop is 356 mm. 

[4] Object diameter -71 mm. 

[5] Image diameter -71 mm. 

[6] External aperture stop: 
(a) Diameter -71 mm. 

(b) Location-At least 6 mm outside the end of the lens barrel 
on the image side. It is required that this aperture be fully and 
uniformly illuminated by any point in the object plane. This 
specification guarantees that the page composer can be fully, il- 
luminated by every hologram in the hololens array. Also, all read- 
out image rays Nkill reach the photodetector array from every holo- 
gram in the erasable storage medium. 

Resolution-the image blur from any object point will be less than 
0.2 mm in diameter. This specification for the object -beam lens 
requires that all rays that would ideally arrive at one point on the 
storage medium must arrive within one-half the diameter of the 
main lobe of the diffraction pattern from one page -composer ele- 
ment. This ensures that a substantial fraction of the light from 
all page -composer elements illuminates the hologram area rather 
than spreading over a larger area. For the readout lens, the 
specification requires that the image shift from hologram to holo- 
gram be less than one-fourth the diameter of one page -composer 
element. 
Distortion-for any object point, the center of the image circle 
will deviate no more than 0.3 mm from the corresponding un- 
distorted image point. For the object beam lens, this specification 
ensures reasonably accurate overlap between the object beam and 
the reference beam for writing holograms anywhere on the 
erasable storage medium. For the readout lens, distortion shift of 
the image is less than one-third the diameter of a page -composer 
element. 

[7] 

[8] 

The off -axis aberrations of two -element cemented lenses are too 
severe to fulfill these requirements. A commercially available 8 -element 
174 -mm, f/1.4 flying -spot -scanner lens gives adequate image quality, 
but cannot provide illumination of the entire external aperture as re- 
quired. The lenses used in the system were custom designed and 
fabricated. The barrel is 120 mm in diameter by 167 mm long; it con- 
tains six elements having an effective focal length of 230 mm, giving 
f/3.1 at infinity. Image blur diameter is less than 0.06 mm and dis- 
tortion ís less than 0.025 mm. 
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6. Liquid -Crystal Page Composer 

The transmissive liquid -crystal page composer (LCPC) used in this 
system contains 2,048 circular elements arranged in a quasi -octagonal 

pattern. The elements are 0.976 mm in diameter and are spaced on 

1.30 -mm centers. The two elements of a bit operate in complementary 
fashion with one element energized with an ac voltage and the other 
unenergized. With no voltage across it, the nematic-liquid-crystal layer 

is transparent and light is transmitted unimpeded. A voltage across 

the liquid -crystal material causes it to become turbulent so that light 
passing through it is scattered strongly, with little light reaching the 
selected storing page to be recorded. In the differential mode of opera- 

tion, the "1" and "0" are determined by which one of the two elements 

of a bit is energized. 
The LCPC contains 10 bits whose information state ís electrically 

alterable. The remaining 1014 bits are fixed in an unchanging pattern, 
with half the elements connected to common energizing electrodes, and 

the other half unconnected. The page composer is fully populated 

optically; there are 2048 discrete elements of which 1024 are trans- 
parent for recording the storage holograms. The 10 alterable bits are 
located around the periphery of the array and at its center so that 
results are representative for any bit location. Nearest neighboring 
bits have been included so that interaction effects would be realistically 
included. 

A cross-sectional view of the LCPC is shown in Fig. 11. Two 

glass plates with transparent electrically conductive coatings sandwich 
the nematic-liquid-crystal material between them at a separation of 

0.0127 mm as determined by Mylar spacers. The conductive coating 
on glass 2 is etched to form the pattern shown in Fig. 12 to which 

voltage can be applied to energize half of the fixed elements and the 
10 selected alterable elements. The pads for wire connections to the 
drive electronics are also visible. The transparent conductive layer on 

glass 1 is not etched but is left intact to serve as a ground plane or 

counterelectrode for the electrodes of glass 2. In addition, an opaque 
layer of aluminum is deposited on the transparent conductive layer 
of glass 1 to form the pattern shown in Fig. 13, which defines all of 

the 2,048 elements of the LCPC by masking the regions between and 
outside of the circular elements. This pattern is then registered 
precisely with the pattern of Fig. 12 on glass 2 when the sandwich 
is put together. The task of aligning the LCPC in the optical memory 

system is significantly eased and simplified because of this built-in 
mask (see Fig. 14). When the LCPC was electronically activated and 
tested in a simulated optical memory system using helium -neon laser 
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Fig. 11-A cross-sectional view of the liquid -crystal page composer. 

Fig. 12-The transparent conductive electrode pattern on glass 2. 
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Fig. 13-The opaque aluminum pattern formed on glass 1. 

light, contrast of better than 50:1 was measured at a detector for 

the clear state versus the scattering state of a liquid -crystal element. 

Birefringent effects in the liquid -crystal material were also measured 

and were found to reduce the usable light at the corners of the LCPC 

by about 25%. 
The lifetime of liquid -crystal cells is strongly dependent on con- 

taminants that are introduced during the filling and sealing process. 

Fig. 14-The 1024 -bit liquid -crystal page composer activated to produce a 
typical pattern of scattering. 
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Using a precured silicone rubber epoxy seal, we have obtained opera- 
tion for one year before symptoms of contamination appeared. Life- 
times of several years are obtained in the commercial production of 
large -area cells with glass frit seals and improved filling methods. 

7. Erasable Storage Medium 

The requirements for the storage plane in the prototype read-write 
holographic memory were 

Resolution in excess of 1400 lines/mm 
Sensitivity to 4880 radiation 
Transmissive readout 
Total size greater than 7.5 cm 

Page size -1 mm 

Write energy -1 m.1 or less 
Read efficiency -1% or greater 

To satisfy these requirements it was decided that a thermoplastic- 
photoconductor sandwich would be used for the storage plane. The 
thermoplastic material used was Staybelite ester 10 (a deris ative of 
natural tree resin), and the photoconductor used was poly -n -vinyl 
carbazole doped with 2,4,7 trinitro lleurenone. In the following, we 
will describe material preparation, storage plane fabrication, and the 
operating parameters of the storage plane. Some interesting tech- 
niques that allow operation on a large storage plane will also be 
covered. 

7.1 Materials 

a. Photoconductor-The photoconductor used in all experiments was 
poly -n -vinyl carbazole (PVK) doped with 2,4,7 trinitro 9-fleurenone 
(TNF). These were mixed in the ratio 5 gm of PVK to 1 gm TNF 
and then diluted in 100 ml of 1,1,2 trichlorethane. In early experi- 
ments the solvent used was an equal mixture of p-dioxane and dichloro- 
methane, but this had the disadvantage of too rapid evaporation of the 
solvent, which led to problems of repeatability and to problems of film 
formation in humid atmospheres. The sensitivity of this photocon- 
ductor will be discussed later. 

b. Thermoplastic-The thermoplastic used in most of the experiments 
was Stabelite ester 10. Various solvents were used, but the preferred 
solvent was hexane. The Staybelite ester 10 was diluted in the hexane 
in the ratio 20 gm of Staybelite to 100 ml hexane. 
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c. Substrate-The substrate used was InO-coated glass with electrical 

conductivity in the range 50 to 100 ohms per square. The InO coating 

was etched into the desired pattern using a dilute hydrochloric solu- 

tion. The active areas of the partially populated storage medium were 

1 mm squares distributed over a 6 -cm diameter area. Evaporated gold 

lines were used to bring power to the active area. 

7.2 Sample Fabrication 

The technique used for sample fabrication was dip -coating, with the 

photoconductive layer applied first and the thermoplastic Iayer applied 

next. The technique of dip -coating involves the careful withdrawal of 

a substrate from a solution of the material to be coated. To obtain 

smooth films, care must be taken to avoid changes in withdrawal speed 

and to avoid mechanical vibrations. The thickness of the deposited 

film can be controlled either by l arying the speed of withdrawal or by 

changing the viscosity of the solution; in most experiments the first 

method was used. The plate was allowed to dry for several minutes 

after removal from the photoconductor solution, and was then sub- 

merged in the thermoplastic solution. After the thermoplastic layer 

was deposited, the plate was placed in an oven at 60°C for one hour. 

The uniformity of the deposited film was fair; variations in thickness 

on the order of several hundred angstroms were observed. 

7.3 Recording on Thermoplastic Media 

The basic principles of storage have been discussed in the liter- 

ature.3 The operation involves the sequential processes of charg- 
ing, exposing, recharging, and heating. Erasure is accomplished by 

reheating the film. 
To ensure repeatable results and to avoid catastrophic electrical 

breakdown of the thin thermoplastic film, the voltage on the film (due 

to the corona charging) must be precisely controlled. This control is 

complicated by the need for random selection of storage locations over 

a large storage plane. First, it is hard to uniformly corona -charge a 

large area. Secondly, because of random selection, one location may be 

repeatedly selected (and therefore charged and heated), but another 
location on the same plane may be only charged. If not controlled, the 

voltage on the unselected location will rise to the breakdown voltage 

of the film and cause damage. A third reason is that corona -charging 
is affected by atmospheric conditions such as humidity and tempera- 

ture. The variation in these conditions normally encountered will lead 

to changes in the voltage on the thermoplastic. 
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The first of these problems, corona -charging a large area, was 
solved by using fine (50 to 75 ¡mm diameter) wires held in a "serpen- 
tine" pattern by a plastic frame over the storage plane. The distance 
from the wires to the plane and between each wire is approximately 
1 cm. The wires are fine enough, and far enough away from the 
storage plane, so they do not intercept an appreciable part of the light. 
This arrangement does charge the entire storage plane. It is non- 
uniform, however, since the edge or external wires emit more charge 
than the inner wires. (The cause can be attributed to wire -to -wire 
capacitance effects.) 

To solve the problem of nonuniform charging, and the more im- 
portant problem of precise voltage control, a grid (apertured metal 
plate) was placed over the storage plane. It contains 1 mm square 
apertures at the active hologram locations of the storage medium. For 
a fully populated storage plane the grid would take the form of a mesh. 
In use, the apertured plate is placed against the storage plane (sep- 
arated only by a 25-f&m-thick insulating film to prevent short 
circuits), and voltage equal to the desired voltage on the thermoplastic 
film is applied to it. This prevents the voltage on the thermoplastic 
caused by corona -charging from rising above the voltage on the 
apertured plate. The reason is that if the voltage at the thermoplastic 
were to rise above the grid voltage, the ions of the corona carrying 
the charge would be deflected to the grid. We found that, with the use 
of the grid. the maximum voltage on the thermoplastic was substan- 
tially independent of charging time and of voltage on the corona ap- 
plicator. The use of the grid allowed highly repeatable results. The 
storage plane, with all elements in place, is shown in Fig. 15. 

Two of the more important characteristics of the thermoplastic 
storage medium are its sensitivity (that is, efficiency as a function of 
exposure) and its spatial frequency characteristics (that is, efficiency 
as a function of the angle between object and reference beams). Fig. 
16 is a typical plot of the efficiency of the reconstruction as a function 
of the exposure. In this particular experiment the photoconductor 
thickness was 1.5 p.m, the thermoplastic thickness was 0.5 1. m, and the 
grid voltage was 200 V. The beam ratio used in this experiment was 
1:1. Note that the thermoplastic medium ís quite sensitive (of the 
order of 649F photographic film) and that the efficiency remains 
constant even for relatively high exposures. This latter feature is a 
consequence of using a 1:1 beam ratio in the experiment. 

The reconstruction efficiency is not, in general, a monotonic func- 
tion of the recording exposure. In the following analysis we derive 

32 RCA Review Vol. 34 March 1973 



HOLOGRAPHIC MEMORY 

1 

L 

) 

o 

v 
=' - ti 

= 

.4 

í 

Fig. 15-Assembled and mounted storage plane. 

the variation of efficiency versus exposure. We use a lumped -circuit 
model consisting of a capacitor shunted by a resistor to describe the 
photoconductor, and we make the assumption that the effect of light 
on the photoconductor is to vary the conductance of the shunt resistor. 
Although this model is admittedly somewhat nave, its virtue is that 
it accounts for the shape of the experimental curves. In this analysis 
we confine our attention to the voltage across the photoconductor; 

this voltage determines the ultimate forces acting on the thermoplastic. 

Using the lumped -circuit model, the relationship for the voltage 

across the photoconductor is 
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(11% 

C-+GV-O, 
dt 

[30] 

where C is the capacitance per unit area and G is the conductance per 
unit area. Assume that the conductivity of the photoconductor varies 
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Fig. 16-Measured hologram efficiency versus exposure (unity beam ratio). 

with the intensity of the absorbed light, and further assume that the 
intensity is written as 

2-x 
1-1a(1+m cos - 

\\ d 

[31] 

where x is the coordinate on the surface of the photoconductor, d is the 
spatial wavelength, and m. is the modulation ratio. The relation be- 
tween m and the reference to object beam intensity ratio K is 

Then 

m = 2(K)r/2/(1 + K). [32] 

d V 2ax 
C-+DI. 1+m cos - V- O, 

dt d 

[33] 
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where I) is a proportionality factor (the sensitivity of the photocon- 
ductor). The solution to this equation is 

V(x,t) = V°exp 
2rx 

-DI°(1 m cos -) t [341 

The thermoplastic behaves as an incompressible fluid, which implies 

that its motion is not dependent on the absolute forces applied, but 
rather on the spatial variation, or difference, of the applied force. 
From the previous relationship, we note that the maximum voltage 
(related to the maximum force) is 

V= V° exp [-DI (1 +m)t], 

and the minimum voltage is 

V=V° exp -D1°(1-m)t. 

The difference is 

= V° exp (-D10) sinh Montt. 

If we now let 10t be the total exposure E°, we may write 

= V° exp (-DE°) sinh DE °m. 

[35] 

[36] 

[37] 

[38] 

In Fig. 17, we plot .\V versus E°, with beam ratio as a parameter. 
Since the ultimate behavior of the thermoplastic is dependent on _S V, 

it is evident that the efficiency of the reconstructed image will not he 

a monotonic function of the exposure. 
In the prototype system, beam ratios of the order of 10:1 are used. 

A plot of the,effrciency versus exposure for a hologram made with a 
10:1 beam ratio is shown in Fig. 18. 

One of the troublesome features of thermoplastic storage is the 
band-pass nature of the spatial frequency response. The maximum 
response is centered at a spatial frequency given by 1/(2h), where h 

is the thermoplastic thickness, and the response falls off rather quickly 
toward high and low spatial frequencies. Fig. 19 shows the response 
for a film 490 nm thick, which should have had a center frequency of 
1000 lines/mm (corresponding to an angle of 30° between reference 
and object beam), while Fig. 20 shows the response for a film 340 nm 
thick. The clotted line in both graphs shows the angular extent of the 
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Fig. 17-Photoconductor voltage as a function of beam ratio. 

object used in the prototype system, and we can see that the band-pass 
response leads to shading in the reconstruction. While this is not a 
disastrous result, it does lead to difficulties in readout. The more 
important result is that the actual center of the response curve did 
not occur at the spatial frequency predicted by the thickness measure- 
ments made on the film. 
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Fig. 18-Measured hologram efficiency at 10:1 beam ratio. 
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Fig. 19-Hologram efficiency versus spatial frequency for a film nominally 
490 nm thick. 

These thickness measurements were made by interferometry, but 
at a location on the storage plane somewhat remote from the storage 
locations used for the experiment. The reasons for the discrepancy 
between the predicted and actual center frequency are either an error 
in thickness measurement, variations in the thermoplastic thickness 
over the surface of the storage plate, or a failure in the theory that 
predicts the center frequency. Regardless of the cause, the results 
point out that it is difficult to fabricate a storage plate with pre- 
determined performance characteristics. 
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Fig. 20-Hologram efficiency versus spatial frequency for a film nominally 
340 nm thick. 

RCA Review Vol. 34 March 1973 37 



In a further experiment, holograms were made with the angle 
between object and reference beam at 45° (corresponding to 1440 
lines/mm) on a storage plane with a thermoplastic thickness of 490 nm 
(which should result in a center frequency of about 1000 lines/mm). 
The thickness of the photoconductor was 1.5 µm and the voltage on 
the grid was 250 V. The object was the page composer used in the 
prototype system. The key step in the experiment was to sequentially 
store holograms at ever-increasing exposure and to monitor the re- 
construction. That is, the complete process of erase-charge-expose- 

1.6µjoules 6.Iµjoules 2514.joules <50µjoules 

. . 

>50µjoules I00µjoules 200µjoules 4OOµjoules 

8OOµjoules IOOOµjoules 

Fig. 21-Spatial frequency response versus exposure, with center frequency 
of 1440 lines/mm. 

charge-read was repeated a number of times, with increasing ex- 
posures for each trial. The results of the experiment are shown in 
Fig. 21. The first reconstruction is expected-only the low -frequency 
portion of the image is visible. Then, as the exposure is increased we 
first see the low -frequency portion of the image become brighter (all 
photographs made with the same exposure) and then-the first sur- 
prising result-the high -frequency portion of the image becomes 
visible, and a dark band separates the two positions. As the exposure 
ís increased further the dark band is observed to sweep across the 
image, toward lower frequencies. Finally, at an exposure of about 
800 µJ, the dark band has left the image. The effect of increasing the 
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exposure even further appears only to brighten the image. 

This experiment was repeated with storage planes of thermoplastic 
thicknesses that varied from 490 to 200 nm with substantially the 

same results. The net effect of large exposures is that the exact thick- 

ness of the thermoplastic is of no consequence-a result that enor- 

mously reduces the complexity of sample fabrication. The reason for 
this phenomenon is not completely understood; however, it appears 

that at the high exposures used the photoconductor becomes saturated 
(or effectively perfectly conductive) while the thermoplastic itself be- 

comes photoconductive. The disadvantage of this technique is that it 

requires much higher exposures than normally used; fortunately, the 
prototype system had been designed for just the exposure levels 

needed for this method. 

The final important characteristic of the thermoplastic storage 
medium is its fatigue behavior. While there are some thermoplastics 
that exhibit little fatigue, Staybelite is not among them. The upper 

limit in the number of cycles that could be used before the signal-to- 
noise ratio of the reconstructed image became intolerable was of the 
order of 500. The failure was marked by the appearance of many 

pits and other permanent surface deformations. This was possibly 

caused by the lack of adequate cleanliness in the materials used, with 

the resulting impurities initiating the observed defects. A further 
cause of failure was an apparent increase in the softening temperature 
following prolonged operation, which was undoubtedly caused by oxida- 

tion of the thermoplastic. 
Since the purpose of these experiments was the demonstration of 

the feasibility of holographic storage, and since it is apparent that 
thermoplastic materials with little or no fatigue are being developed, 

this aspect of the storage characteristics of Staybelite was of little 

practical concern. However, it was found that if a pattern was re- 

corded and then retained for long periods-longer than 24 hours-it 
was difficult to erase. Furthermore, when this pattern was apparently 
erased and a second pattern was recorded at the same location, the 
first pattern reappeared. The first pattern was dimmer than the 
second, but still presented a potentially troublesome signal. It was 

found that this could be prevented either by not retaining a pattern 
for longer than 12 hours or by erasing the pattern and not using that 
location for at least 24 hours. Neither method is ultimately acceptable. 
The reason for this effect appears to be either cold flow or charge - 
trapping in the plastic. This is a potentially very serious problem and 
should be studied further if thermoplastic media are seriously con- 

sidered for holographic storage. 
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8. Photodetector Array 

An array of 20 p -i -n photodiodes is used to detect the ten active bits 
in the partially populated optical memory. Two diodes are used for 
each bit to indicate "1" or "0". Since both diodes feed a differential - 
input preamplifier, common -mode light and electrical noise are at- 
tenuated. The y-axis acousto-optic deflector cell is amplitude modulated 
with a 100 -kHz square wave during readout. This modulation provides 
a temporal carrier for the detector signal, which, in conjunction with 
the differential photodetector circuit, provides adequate discrimination 
against ambient room light. A block diagram of one detector channel 
is shown in Fig. 22. The active bits are all sensed in parallel; panel 
lamps indicate the detected information pattern. 

PHASE 

ADJ. _ OSCILLATOR 

100 HH1 

~TUNED 

AMP.DEMODULATOR YN 
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STROBE 

AND 

LATCH 

DETECTION SYSTEM BLOCK DIAGRAM 

Fig. 22-Detection system diagram. 

The equivalent input noise current to each of the ten preamplifiers 
is about 10-11 A rms. This is about 5 x 10-11 W aterage of light 
power striking each photodiode (conversion ratio of 0.2 A/W) While 
the frequency bandwidth of each tuned preamplifier is 2 kHz, the 
overall bandwidth of the sense system, including synchronous detection 
and strobing, is about 120 Hz. A redesign of the detection system 
could reduce the equivalent input noise current from 10-11 A rms to 
probably 2 x 10-12 A rms. The present photodetectors and the asso- 
ciated electronics can detect an optical signal level of approximately 
10-'e W in 30 msec. 

The ten active bits in the partially populated memory were ar- 
ranged in five locations of two hits each with two photodetectors as- 
signed to each bit. The five locations are separated about 32 mm from 
each other, which provides sufficient space for mounting the five 
clusters of four diodes each. The four p -i -n photodiodes of each cluster 
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are a commercial four -element photodiode chip. Each element is 1.3 mm 
square with a 0.13 mm separation. The chip is sealed in a TO -5 can 
with five leads extending from the base. The diameter of the light 
beam striking each diode is 0.97 mm, and the spacing between each 
of the four is 1.3 mm. Fig. 23 shows the assembled detector array. 
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Fig. 23-Assembled and mounted photodetector array. 

9. Memory Operation 

l: 

i 

The automatic sequencer used to operate the memory controls five 

functions: 
Page composition-bits stored temporarily in page composer for 
later transfer to storage medium. 

Page Selection-deflection of laser beam to desired location on 
storage medium. 
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Write-transfer of page composer bits to storage medium. 
Read-transfer of stored bits from page to photodetectors and 
light display. 
Erase-removal from storage medium of previously written 
information in any given page or pages. 
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Fig. 24-Block diagram of controller electronics. 

An overall block diagram is shown in Fig. 24. The control units 
for the laser deflector, the page composer, the storage medium, and 
the photodetector array are each housed on separate chasses with 
separate front panels. Each unit can function under internal control, 
independently of the other three, for adjustments and tests of the 
memory system components. For operation of the entire memory sys- 
tem, the four units function under external control signals from a 
control console, which initiates the appropriate sequence of operations. 

The memory system is assembled on the surface of a 1.3 by 4 m 
table that is vibration -isolated. Fig. 25 shows the layout of the overall 
system with the approximate location of the components. The majority 
of the components are mounted on stages having precision adjust- 
ments, since tolerances are fractions of a milliradian for angles, and 
fractions of a millimeter for linear position. Vibration isolation sup- 
ports are used between the table top and the argon laser head, which 
carries circulating cooling water. The strongest noise signals in the 
readout of an addressed hologram are contributed by spillover il- 
lumination from the reference beam hitting neighboring holograms, 
as expected from considerations discussed in the final design. 
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Before the final assembly of the memory system, each of the major 
components was thoroughly tested alone and then in conjunction with 
others. The assembly procedure consisted of a step-by-step addition of 
each operating component. Holograms were recorded and read out 
without error from all 48 active hologram locations, with no mechanical 
adjustments. The operating cycle w ith 300-mW laser output as: 
2 sec corona charging time, 200 msec effective writing exposure dura- 
tion, and 30 msec effective reading duration. Effective durations are 
listed because the temporal duty ratios of the laser beam are 0.1 for 
writing and 0.05 for reading. 
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Fig. 25-Approximate layout of optical memory system. 

The predominant source of optical crosstalk in the detected images 
comes from reference beam spreading to neighboring storage holo- 
grams, as expected. When there is no hologram in the addressed loca- 
tion, partial readout of the information from the neighbors is detected. 
When a hologram is present at the addressed location, however, ade- 
quate rejection of the noise signals is obtained with the differential 
detection system. 

10. Discussion 

We may extrapolate from the performance of the partially populated 
memory to conclude that a fully populated 106 -bit system of this 
design would operate successfully. Replacement of only the aberrated 
deflector cells with ones displaying the full 40 -spot Rayleigh resolution 
would be required. The calculations presented in the design analysis 
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suggest that an eight -fold increase in capacity represents the upper 
limit of 'the specific optical components used here. 

As might be expected in a prototype system of this complexity, a 
number of engineering difficulties were encountered. Standard lens 
designs are not particularly well suited for the unusual imaging func- 
tions required in the memory. Aberrations in the deflector cells, and 
lifetime problems with the laser, the dichromated gelatin hololens, the 
liquid -crystal page composer, and the thermoplastic storage medium 
were all present. These factors, as well as improved high-speed page 
composers and erasable storage media, represent the areas to which 
increased attention is required in future efforts to develop larger 
systems. 
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A Membrane Page Composer* 

L. S. Cosentino and W. C. Stewart 

RCA Laboratories, Princeton, New Jersey 08540 

Abstract-The feasibility of producing a page composer for optical memory 

systems using thin, deformable, membrane -mirror elements as light 

valves was investigated. The electromechanical and optical perfor- 

mances of such elements were determined both analytically and experi- 

mentally. It was found that fast switching (10 µsec), high -contrast 

(10:1 or greater), fatigue -free operation over millions of cycles, and 

efficient utilization of input light could be obtained with membrane 

light valves. Several arrays of 64 elements were made on substrates 

with feedthroughs allowing access to individual elements from the 

backside of the substrate. Single light valves on such arrays were 

successfully operated with transistors designed for selection and 

storage at a bit location. This simulated the operation of a prototype 

page composer with semiconductor chips beam -lead bonded to the 

back of the substrate. 

1. Introduction 

Research on and development of optical memory systems' have resulted 
in a need for an array of light valves, which we call a page composer, 

to control the light pattern recorded at the storage medium. Ideally 

* The research discussed in this paper was jointly sponsored by NASA 
George C. Marshall Space Flight Center under Contract No. NAS8-26808, 
and RCA Laboratories, Princeton, N. J. 
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this device should be fast, produce a high contrast ratio at the detector, 
accept light over a large cone of angles. operate without fatigue or 
degradation over billions of cycles, and be efficient in utilization of 
the light impinging on it. In addition it must be available in large 
enough sizes to accommodate big arrays. Virtually every candidate 
investigated to date suffers from one or more shortcomings in satis- 
fying these requirements. For example, liquid crystals are slow, 
requiring several milliseconds, at best, to relax. Most electro -optic 
crystals have very limited angles of acceptance and large perfect 
pieces are difficult to produce. PIT ferroelectric ceramics are quite 
fast but fatigue effects have been found to limit operational lifetime.' 

At present, we are studying the feasibility of producing a reflective 
page composer using thin electrostatically deformable metallic mirror 
elements as light valves. Array operation requites coincident pulse 
selection and storage at each bit location that can be provided by semi- 
conductor circuitry on the back side of the substrate. Electrical con- 
nections to the elements are made by means of conductive feedthroughs 
extending from the back surface of the substrate to the front one. 

Earlier efforts with membrane light valves included the membrane 
light modulator (MLM) of Preston', which was utilized in an optical 
computer, the photo -activated AILM of Reizman4, which was used as 
an image converter, and the schbieren light valve (SLV) of van- 
Raalte5, which was used in a television projection system. The present 
work extends the results in utilizing membrane light \ alves as ele- 
ments of a page composer for an optical memory system. 

2. Membrane -Light -Valve Geometries and Fabrication 

All of the membrane light valves consist of a thin, metal film sus- 
pended over a support structure that defines the basic shape of the 
elements. A counter -electrode must be provided beneath the element, 
to which voltage is applied to activate the light valve with the mem- 
brane grounded. The electrostatic attraction between the membrane 
and the drive electrode causes the metal film to deform from its 
initially fiat state. In the process, the reflection of light from the 
film surface changes in angular extent. An aperture can be appro- 
priately placed in the optical system, such that the light reflected 
from the flat membrane passes through it while most of the light 
reflected from the deformed film sloes not get through the aperture. 
Thus, optical contrast can he achieved at a detector located after the 
aperture. 

A line element is shown in Fig. 1(a), which is grossly exaggerated 
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in the vertical dimension for clarity. This type of light valve is similar 
to those used by J. A. van Raalte and his group at RCA Laboratories 
for a television projection system.' We have adopted, with some modi- 

fications, the techniques developed in the course of that project. For 
our purposes, a typical line element might have a separation between 

membrane and electrode of a few micrometers, an element width 
between supports of 0.25 mm or larger, a membrane thickness of about 

0.5 µm, and support structure widths that are 5-10% of the element 
width. The line element has a line electrode beneath it running the 

entire length of the element. 

SUPPORTS 

ME BRAME 

la) 

Ib) 

SUPPORT 
STRUCTURE 

lc) 

SUPPORT 
STRUCTURE 

Fig. 1-Membrane light -valve geometries: (a) line element, (b) circular 
cylindrical element (membrane and electrode not shown), and (c) 
square element (membrane and electrode not shown). 

Another membrane light -valve geometry is shown in Fig. 1(h). 
Here, cylindrical holes in a support structure define circular elements 

in the membrane that is eventually suspended on the supports. The 

electrode (not shown) beneath the element may also be circular, or it 
may be of another shape if a portion of it is opposite the active area 

of the membrane. 
Other geometries are also possible for membrane light valves. Fig. 

1 (c) shows a support structure that defines square elements when a 

membrane is suspended on it. An individual electrode (not shown) 

can be located beneath each square to activate one element, or one 
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large electrode can be located beneath several elements and simul- 
taneously actuate the group of elements. For instance, an electrode 
could be located to activate a 3 x 3 group of elements simultaneously 
as a single light Nalve. With such a multiple -element light valve, 
redundancy is obtained so that perfection in the membrane is not 
required. Another advantage is that a large light valve could be built 
up from smaller elements, which might make fabrication simpler in 
some cases. 

The fabrication of membrane light valves includes standard photo- 
lithographic techniques to make the electrode pattern and the support 
structure. The forming of the membrane, however, involves special 
processing. A layer of photoresist thick enough to be higher than the 
support structure is spread on the sample. After drying, the resist is 
polished until all the support structure surfaces are visible and level 
with the resist elsewhere. The remaining material serves as a tempo- 
rary substrate on N\ hich the membrane may be deposited. Before that, 
however, another step is necessary in order to be able to remove the 
photoresist after the membrane is completed. Basically the technique 
is to incorporate tiny micrometer -sized holes into the membrane so 
that the resist solvent can go through the membrane and carry out 
the resist with it. A gelatinous solution is first poured over the 
substrate, and then rinsed off with deionized water leaving a thin 
film of gel. Then. v ith the substrate still wet, a dispersion of microm- 
eter -sized particles in water is poured over the substrate and allowed 
to settle. The substrate is gently rinsed with deionized water and 
blown dry, leaving a uniform distribution of particles, anchored in 
gelatin, over the resist and support structure. The substrate is placed 
in a vacuum system where the membrane material is then evaporated 
over the powder. Since the membrane is about 0.5 µm thick, it does 
not quite cover the powder. Therefore when the sample is gently 
wiped with wet tissue, the tiny particles are dislodged and are then 
removed by a rinse with deionized water leaving holes in the metal 
where the particles had been. The tiny voids in the membrane do not 
appreciably affect the surface reflectance. Essentially the same tech- 
nique can be used to electroplate a film, except that only a thin layer 
of "seeding" material needs to be evaporated on the photoresist, after 
which additional metal can be plated until the desired thickness is 
reached. The final step is the removal of the photoresist beneath the 
membrane by immersing the sample in solvent, which gets to the 
resist through the tiny holes in the membrane and diffuses out of 
the region. Flat films of good quality have been successfully produced 
with this technique. 

48 RCA Review Vol. 34 March 1973 



PAGE COMPOSER 

3. Electromechanical Operation 

When voltage is applied between an electrode and the membrane of a 

line element, such as the one shown schematically in Fig. 2(a), elec- 

trostatic attractive forces act to move the membrane towards the 
electrode until elastic restoring forces in the film are sufficient to 
prevent further deformation. The nature of the deformation can be 
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Fig. 2-Line element with symbols used in calculation of deflection: (a) 
electrode extends over the full width of the element and (b) elec- 
trode is smaller than the element width. 

determined with the aid of a free -body diagram of a section of the 
deformed membrane, with the sum of the forces equated to zero since 
the body is in equilibrium. When this is done, the resulting equation 
is 

d2z F=To-, 
dx2 

[1] 

where F is the electrostatic force per unit area, and To is -the film 

tension at the center of the element. Assuming an ideal parallel -plate 
capacitor, such as the one formed by the electrode and membrane if 
the deflection is negligible compared to the separation of the con- 
ductors, then 

(V2 F=-, 
2d2 

. [2] 
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where E is the permittivity of the medium, V is the applied voltage, 
and d is the membrane -to -electrode separation. Therefore 

d2z E V2 To-=-. 
dx2 2d-' 

[3] 

Solution of this equation with the appropriate boundary conditions 
gives the form of the deformation as 

EV"W'= 4x2 
z= ( 1 , 

16 Tod2 
[4] 

which is seen to be parabolic. The maximum deflection, which occurs 
at x = 0, is given by 

zo = 
EV'=W'- 

16T0d2 
[5] 

The foregoing assumes that the electrode extended beneath the 
entire width of the element. When this is not the case, as in Fig. 
2(b), a similar analysis results in 

and 

EV= S2 SWS 
z= x"-1- 

4T0d2( 4 2 2 

z= 
EV2 CS 

x 
4T0d2 2 

W S 
for , 

2 2 

[61 

[7] 

which describe a parabolic deformation legion where the membrane 
is over the electrode and straight line segments connecting the ends 
of that region to the supports. The deformation at the center is 
somewhat reduced with narrow electrodes. If an electrode coveted 
only half of the element width (S = W/2), Zo would be three-quarters 
of the central deformation with a full width electrode (S = W). 

The above analysis is valid whether the film tension (To) at the 
center of the deformed element is built into the film at the time of 
deposition, whether it results from elongation of the film, or even 
if it is a combination of these two tensions. For the case in which 
To is a constant not substantially affected by the stretching of the 
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film, the derived equations are complete. If on the other hand, To 

arises only because of elongation, with the tension in the undeformed 

state being equal to zero, the above equations are still valid, but To 

is determined by other factors, such as the mechanical properties of 

the film and the amount of elongation of the film. 

Young's modulus (E) is defined as the ratio of stress (cr) to 

strain (e). Since in the thin film a= To/t, where t is the film thick- 

ness, and e = _SW/W, then 

-1lV \ 
To = (- IEt. 

\W / 

For a curved line, such as the deformed film of Fig. 2(a), 

W/2 W/2 
ds dz 

yF-,( dx )clx-W=2 ¡ V(-) -1-1dx-W, 

[81 

where ds is the differential distance along the curved line. Since 

dz/dx <<1 for all practical cases, 

and 

dz - dz '- 

W/2 

/ dz Z 1 
W= W 2 

o 

% [ 1+1/2( -) Jdx 
dx 

- 
dx ). 

ó 

From Eq. [4], 

so that 

EV2W- 4x2 
z= 1 , 

1GTod2 ( W2 

dz 2 E'V1 
- x" 

dx 4T.=d; 

V() +11+1/z(-)dx 
dx 
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After substitution and integration, 

and 

E2 V4 W3 
_SW = 

96T0=da 

TV ('V4W" 

W 96To-d4 
[9] 

Substitution in Eq. [8] yields 

E2V41472Et 1/3 

To = , [10] 
96d4 

and since from Eq. [5] 

EV2W`= 

zo = 
16 Tod2 

substitution of the value of To of Eq. [10] gives 

EV'W4 1/3 

zo = -0.287 , 

d2Et 

with 

(4x2 z=zo 1-- 
W' 

as before. Note that for a given sample, Eq. [11] shows that 

zo « V2/3 for the case of tension caused by elongation only, 

while Eq. (5) shows 

zo « V2 for the case of a constant built-in tension. 

The change in tension along the membrane has been assumed 
to be negligible in all of the previous analysis so that To was not a 

function of x. This can be justified by a simple calculation to deter - 
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mine the tension at one of the supports. Since 

ds V dz \2 

T(x)=To-=To 1-1-dx 

dx 

and from Eqs. (4) and (5) 

then 

and 

(4x2 z - -zo 1 , 

W2 

dz 

dx / 2 

zo 

x2 
= 64 

W4 

16z02 

T(- / 
=To / 1+ 

\ 2 / Yi'2 

Since zo is typically about 1µm and W about 250 µm, 

and 

T(2 /-To[l+'/2 
16 

(2 0)- ]=To¡ 
1+ 8 

62500), 

W T(-)- To. 
2 

Therefore the tension is essentially constant and equal to To all along 

the membrane. 
It ís also of interest to calculate the incremental strain of the 

membrane for a typical deformation of 1µm. From Eq. [9], 

2V4W2 zo 2 

- = 2.67 ( - 
W 96T020W ) 

Again letting W = 250 µm, 
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_1W -= 0.43 x 10-4 = 0.0043%. 
W 

This strain is quite small and well below the limit of elastic deforma- 
tion which, for most metals, is a strain of about 1%. 

The dynamic response of a membrane line element is obtained by 
using Newton's law, F = ma = m d2z/dt2, and equating this force to 
the elastic restoring force equal to Tod2z/dx2. The resulting wave 
equation, with appropriate boundary conditions applied, has a solution 
that gives a vibration frequency of 

and 

n To 

f= - -, n=1.2,3,... [12] 
2W St 

1 To 

fr = 
2W1 St 

[13] 

is the fundamental mode. In these formulas, S is the density of the 
membrane material, t is the thickness of the membrane, and To is 
assumed to be constant and unaffected by the motion. Also the for- 
mulas apply only to vacuum. In air there is mechanical damping 
caused by the gas below the membrane that resists deformation that 
tries to compress the Volume of air. More is said of this later. 

Similar analyses can be performed for the other geometries of 
membrane elements. For the case of the circular element, the cor- 
responding equations of static deflection are 

and 

eV2 D2 
z= 7=-- 

8Tod2 4 

zo = 
e V21)2 

32 Tod2 

where D is the diameter of the element. Note 
tion is about one-half that of a line element 
equivalent conditions of tension, voltage, sepal. 

The resonant frequency equation for the 

[14] 

[15] 

that the central deflec- 
with width D for the 
ation, etc. 
circular membrane is 
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p To 
f =- -. 

7rD St 
[16] 

where p equals the values at which the zero order Bessel function 
of the first kind J0(p) equals zero (p1 = 2.40, p2 = 5.53, p3 = 8.65 etc.). 

The fundamental mode is therefore given by 

f, = 
0.764 To 

D St 
[17] 

For the case of a square element, the corresponding static deflection 
equation is' 

z= 
2W'-eV2 n-1 

1 - 

3 
-(-1) 

7r Tod` n = 1,3,5, .. n3 
1 

mr y 
cosh - 

W 

na 
cosh - 

2 

nlrx 
cos , [18] 

W 

where W is the length of one side of the square. Similarly 

eV2W2 
xo - (0.037) 

Tod2 
[19] 

The central deflection is not very different from that of the circular 
element with a diameter of W and is therefore also about one-half 
that of a line element of width W. 

The resonant frequency equation for a square element is 

and 

1 To I m = 1,2,3, . . . f=- I- Im2+n=, [20] 
2W I St 1! n = 1,2,3, . . 

fll = 
0.707 T 

W St 

4. Optical Considerations 

[21] 

In high -density read-write holographic memory systems, the holo- 
grams are recorded at a location on the storage medium where the 
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light from each undeformed page -composer element has been focused 
to a diffraction -limited spot. The size of this spot is inversely propor- 
tional to the width of the membrane element. When an element is 
deformed by applying voltage, the light spreads over an area much 
larger than the hologram, and little light is recorded. In the image 
reconstructed from the recorded hologram, a substantial contrast is 
obtained between the deformed and undeformed states of the mem- 
brane. An optical system that simulates this aspect of holographic 
memory operation is shown schematically in Fig. 3. This configuration 

DETECTOR 

x' t 

J 

1- 
DETECTOR 
APERTURE 

FILTER 
APERTURE 

Fig. 3-Simulated optical memory system. 

LENS 

A.__MEMBRANE 

is a Fourier -transform filtering system having a low-pass spatial 
frequency response that is determined by the width of the filter aper- 
ture. With the condition X'X = f2, the lens projects an image of the 
membrane element onto the detector aperture with a magnification 
(M) = (X' + f)/(X + f). The detector aperture width is chosen to 
be MW, the size of the magnified image of the membrane element. 

For this one-dimensional analysis of a line element, the light inci- 
dent on the membrane is assumed to be collimated. The membrane 
is assumed to deform as a parabola, with a central deflection of zo. 

When the membrane is undeformed, the collimated light is reflected 
through the lens, which focuses it to a spot small enough to pass 
through the small filter aperture. As the membrane deforms, the 
reflected light spreads over a large area in the plane of the filter 
aperture, and less light is transmitted through the aperture. 

First, consider the geometric -optics approximation, which ignores 
diffraction effects. The parabolic mirror formed by the membrane 
has a focal length (fm) of 

fm a Wz/16zo [22] 
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for small deformations. The deviation of the originally collimated rays 
by the membrane produces a region of uniform illumination of width 
d in the plane of the filter aperture, where 

d = fW/fr, 

For a filter aperture of width 

da = 2a of/W, 

[23] 

[24] 

where a is a constant to be chosen, and ,l is the wavelength of the 
light; the light flux I transmitted by the aperture is 

I = lada/d, 

I = 

d>da, 

d 
[25] 

This light forms the geometric image of the membrane element. la 
is the transmitted light flux for no membrane deflection. Combining 
the equations gives 

I/Ia = aÁ/ (8x6), za > a,\/8, 
[26] 

I/lo = 1, zo aA/8. 

With a = 1, a contrast of 8:1 is predicted for a central deflection of 
one wavelength by this simple analysis. 

A more rigorous analysis includes the effects of diffraction caused 
by the finite filter aperture. The constant a is recognized as the ratio 
of the filter aperture width to the width of the main lobe of the 
diffraction pattern caused by an isolated, undeformed membrane ele- 
ment. Over 90% of the light from an isolated, undeformed membrane 
would be transmitted by the aperture for a = 1. The image intensity 
distribution is given exactly by the squared modulus of the convolu- 
tion of the complex amplitude of the light reflected from the mem- 
brane element, with the point -spread function of the 'imaging system 
as set by the filter plane aperture size. This distribution is integrated 
over the detector aperture to give the detector output I. Figs. 4, 5, 

and 6 show representative numerical results of the exact analysis 
for a = 2.0, 1.0, and 0.5, respectively. Also shown for comparison 
is the geometric -optics approximation represented by Eq. [26]. The 
approximation obviously becomes more accurate as the size of the 
filter aperture increases and the effects of diffraction are relatively 
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Fig. 4-Detector output versus central deflection computed for large filter 
aperture, a = 2. 

1.0 
----- EXACT 

APPROXIMATE 

4=1 

.5 

Zo/ 

1.0 1.5 

Fig. 5-Detector output versus central deflection computed for medium 
filter aperture, a = 1. 
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decreased. For a given membrane displacement (zo), the trend is 

generally toward better contrast for smaller filter aperture width. 

The exact curves shown in the figures are for the case in which 

there are wide, rigid supports on either side of the deformable mem- 

brane that are also .illuminated and reflect the 'incident collimated 
light. Since diffraction by the filter aperture tends to blur the image 

of the shall) boundaries between deformed and undeformed regions 

Zo/ A 

Fig. 6-Detector output versus central deflection collputed for small filter 
aperture, a = 1/2. 

of the reflecting surface, some of the illumrination from the supports 
spills over into the detector aperture. This effect limits the asymptotic 
values of I/I for large deformations to 0.03 for a = 2.0 and to 0.06 

for a = 1.0 and a = 0.5. 
The oscillations in the detector output as z varies are caused by 

interference in the image between the spillover light from the sup- 
ports and the phase -shifted light reflected by the deformed mem- 

brane. For the case where only the deformed region is illuminated, 
and no light is incident on the supports, the exact calculations show 
that the oscillations diminish in magnitude, contrast increases, and 
the curves more closely resemble the geometric -optics result. Also, as 
in the approximate analysis, localized illumination gives an asymptotic 
value of zero for I/Jo as z becomes very large. 

The exact numerical calculations have, in addition, been made to 
include the cases of (a) initial flat displacement of the membrane from 
the level of the supports, (b) different reflectivities of the deforrrrable 
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membrane and the support regions, (c) lateral displacement of the 
filter aperture, (d) a triangular -membrane deformation profile, and 
(e) detector aperture different from the size of the geometric image 
of the membrane element. Although the detailed variation of I/I 
with zo is somewhat sensitive to these additional factors, the qualita- 
tive behavior is quite similar to that in Figs. 4, 5, and 6. Of particular 
interest is the case of a smaller detector aperture, for which the 
magnitude of the oscillations increases somewhat, but the contrast for 
large deformations is improved by the exclusion of spillover light 
when the supports are illuminated. 

In summary, the geometric -optics analysis provides a reasonably 
close first approximation to the calculated diffraction -limited perform- 
ance of an idealized membrane page composer line element in the in- 
tended optical system. For small deformations, the contrast improves 
as the filter aperture width is reduced. IIoNever, diffraction blurring 
reduces the maximum available contrast as the filter aperture is nar- 
rowed when the membrane and its supports are uniformly illuminated. 
This degradation is reduced by narrowing the detector aperture, and 
is eliminated by restricting the incident illumination to the deform- 
able region of the element only. 

5. A Membrane Page Composer 

The foregoing invols ed membrane light valves without concern for 
how array operation can be attained. Since a light -valve element does 
not have true threshold or memory properties, these must be provided 
at each bit location by other means. We have chosen semiconductors 
for this purpose. Static storage is obtained with flip-flops at each bit, 
while dynamic storage is possible if MOS transistors are used as gates 
at each bit to control the charge and discharge of the membrane - 
electrode capacitance. Still remaining is the problem of connecting 
each element electrode to the semiconductor circuitry. Since, in a large 
array, it is impossible to bring out leads from each element, we make 
use of feedthrough connections in the substrate itself leading from 
electrodes on one side to the semiconductor drivers on the opposite 
side of the substrate. Interconnections and pads for external wires 
to the control and selection electronics can also be included on the 
backside of the substrate, and semiconductor chips can be beam -lead 
bonded at the appropriate locations. 

The three major parts of a prototype 8 x 8 page composer can now 
be described. First is the membrane light -valve array. This consists 
of circular elements, 0.75 mm in diameter, spaced on 1.5 -mm centers. 
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The substrate with feedthroughs is the second major part of the 

device. After studying several alternatives, we chose Fotoform or 

Fotoceram materials. This glassy material can be exposed with ultra- 

violet light passing through a mask and can be subsequently devel- 

oped and preferentially etched to close tolerances. Holes etched 

through the thickness of the substrate can then be filled in with con- 

ductive material by various techniques. We have successfully used 

several kinds of silver epoxy for this purpose. The advantage of this 
material is that regular patterns can be etched that register precisely 

with other patterns needed for fabrication of the device. The glassy 

substrate can also be converted into a tough ceramic -like form by a 

final heat -treatment step. The substrate thickness is about 1.25 mm. 

The third major part of the device includes the semiconductor 

chips, the metallization patterns, and their interconnections on the 

backside of the substrate. One method of obtaining dynamic storage 
utilizes a single MOSFET gate at each element. This simplifies the 

circuitry on the semiconductor chip and the back -plane wiring consid- 

erably over what would be needed if flip-flops were used. In addition, 

by designing the chip to include "carryovers" that bridge intercon- 
nection lines on the substrate on either side of the chip, only a single 

layer of metallization is needed on the backside of the substrate. Each 

chip includes four transistors, each of which controls one light valve 

so that only 16 chips are needed for the 8 X 8 array. 

As an intermediate step, devices were designed to have light valves 

on a substrate as described, but with a metallization pattern on the 
backside that brought out each feedthrough to a connection pad, to 

which an external wire could be connected. This device would allow 

testing and evaluation of the light-valve-substrate combination to 

proceed without the semiconductor circuitry, which could be included 

on later samples. 

A clearer picture of the prototype device can be obtained by con- 

sidering the details of a 4 x 4 array for illustrative purposes. Fig. 7 

shows the development of such an array. In the final fabrication se- 

quence, step (e) precedes step (d) because the membrane is the most 

delicate component of the device and is therefore put on last. Fig. 8(a) 
shows a pictorial representation of section AA of Fig. 7(c). The back- 

side of the substrate is shown in Fig. 8(b) with the chips in place. Fig. 

8(c) shows a schematic layout of the transistors and the wiring on a 

single chip. Two other views of the chip on the substrate can be seen 

in Fig. 9. Note that the chip is suspended above the surface of the 
substrate try the beam lead connections. Also note that the X and 

GND leads run beneath the chip to continue across the substrate, 
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while the 'V leads are continued across the substrate by means of a 
bridge or tunnel on the chip itself. The actual chip size is 1 mm 
square, while the conducting lines are 0.125 mm wide. 

(a) (b) 

o o 0 0 0 0 0 O 

o o 0 0 O O 0 
0 0 0 0 O O O O 

0 0 0 0 O O 0 O 

"0®. 
57 S7 57 57 

(c) (d) 

(iV,i) (1i5;1 1t....:;3) p1,J 

A © 0 © A (w) (t i) (rz;) (vd 

0 0 61.14 G?d 17.17d p1q 0 Gvi) GvU (1-9(-17.34 

'ST ST 'SP cr 

(e) 

'C7' 'C7' "57' 'S7' 

'S7' 'S7' '1Y 

Fig. 7-Sequential steps in the development of a 4 X 4 array of membrane 
light values: (a) Fotoceram substrate with holes, (b) after filling 
holes with conductive material and forming electrode caps, (c) after forming a support structure, (d) after adding membrane, 
(e) after bonding semiconductor chips to backside of substrate. 

As can be seen in Fig. 8(c), an X line is connected to one row of 
MOS gates while a Y line is connected to one column of drains. The 
source of each MOS is connected to a tespective feedthrough. In oper- 
ation, an X, or word, line is activated causing the DIOS channel to be 
conductive. The desired voltage pulse ("1" or "0" )on each Y line then 
appears at the corresponding feedthrough electrode, and acts on the 
grounded membrane of that element accordingly. With the gate dis- 
abled before the data pulse ends, the charge on the capacitance element 
formed by the electrode-membrane combination will leak off slowly in 
a time determined by the leakage current of the transistor. This cur- 
rent can easily be made small enough for storage times of many milli- 
seconds. As long as the cycle time of the page composer is short com- 
pared to the leakage time, or if refreshing of the array is allowed, 
effective memory is obtained with this technique. 
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rfEDTHROUGHS WITH 

ELECTRODE HEADS 

CONNECTION PADS 

FOR 

EXTERNAL WIRES 

SEMICONDUCTOR 
CHIPS 
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Fig. 8-(a) A pictorial representation of Section AA of Fig. 7(c). (b) A 
schematic representation of the backside of the substrate showing 
the semiconductor chip in place and its associated wiring. (c) A 

schematic representation of a semiconductor chip showing 4 NOS 
transistors and their associated wiring. 

(a) 

BEAM LEADS 

FEEDTHROUGHS 

CONNECTION PADS 
FOR 

EXTERNAL WIRES 

Fig. 9-(a) A detailed view of a semiconductor chip and its associated 
leads on the backside of the substrate. (b) A pictorial view of 
the chip on the subtrate. 
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6. Experimental Results 

6.1 Line Elements 

The first experiments were made with membrane line elements that 
were readily obtainable because of previous work that had been done.' 
Samples were tested to determine the separation between membrane 
and electrode and the metal membrane thickness needed to obtain 
deflections sufficient to produce a contrast ratio of about 10:1 at the 
detector with an applied voltage of 50 V or less. The contrast number 
was felt to be the minimum that might be tolerated in an optical mem- 
ory system, while the voltage was the minimum breakdown voltage 
specified for the drive transistors of the prototype device. The vehicle 
used for this purpose was a sample on a 5 X 5 cm glass substrate with 
nine line elements of the type shown in Fig. 1(a), except that wide 
supports (- 3 mm) were used between elements. An aluminum sup- 
port structure was used. Each cell was about 0.25 -mm wide with elec- 
trodes half as wide. It was found to be advantageous to deposit sili- 
con monoxide over the aluminum line electrodes to prevent a local 
defect from shorting out the entire line element. Dozens of such 
samples with numerous variations were made. Electrical and optical 
properties of the line elements were determined and recorded. Differ- 
ent materials, either evaporated or plated, were tried for the mem- 
brane, but because of early success and better control with plated 
nickel films, most of the samples were made with this type of mem- 
brane. 

After a visual inspection of the sample, checks were made of elec- 
trode continuity and for shorts between membrane and electrodes. 
Next, data were taken in the simulated optical memory system of 
Fig. 3, with a helium-neon laser light source and a photomultiplier 
tube detector. Usually, the detector aperture was about the size of 
the geometric image and the filter aperture was about equal to 2Af/W. 
The light intensity (I) at the detector was measured as a function of 
the applied voltage, and photos such as that of Fig. 10 were taken, 
from which contrast could be determined. For all such photos, the zero 
light level is at the top line of the graticule and light intensity in- 
creases in the direction shown; the scope sweep speed is 5 msec/div., 
unless otherwise noted. Data from interferometer measurements were 
used to plot the central deflection (za) as a function of applied voltage 
as seen in Fig. 11. The same data have been replotted on log -log 
scales as seen in Fig. 12. The plated -nickel membrane was typically 
quite flat, but was located below the support structure surface by 
about 0.1 µm or less, as indicated on Fig. 11. This probably occurred 
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ZERO 

LIGHT 

LEVEL 

Fig. 10-Detector output versus applied voltage. The straight line shows 
the sawtooth voltage, while the curved waveform shows the light 
variations. The voltage scale is 20 V/div. The data are for 
line 3 of sample R-161, which had a membrane 0.36 pm thick and 
a support structure 4.2 µm high. 

when the photoresist was polished before the membrane was put on. 

Since the resist is softer than the support structure it would polish 

faster, resulting in an undercut of the type seen. Another contribut- 
ing factor might be a slight sagging or shrinkage of the resist after 
polishing and before the membrane is deposited. Because the mem- 

brane surface is quite flat, however, the small offset from the surface 
of the support structure does not introduce significant problems. By 

combining the two previous sets of data, I versus zo could then be 

determined as shown in Fig. 13. 

Test samples were fabricated with support heights ranging from 
less than 2 to more than 6µm. Membrane thickness ranged from 0.18 

to over 0.5 µm. The best results obtained from these elements were 
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Fig. 11-Deflection versus voltage for line 3 of R-161. 
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Fig. 12-Deflection versus voltage for line 3 of R-161 replotted on log -log 
scales. 
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Fig. 13-Detector output versus deflection for line 3 of R-161. This plot 
was made by combining the data of Fig. 10 with the curve of 
Fig. 11 drawn through the deflection values as measured from 
the support structure height. 
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well within our requirements. For example, one sample produced a 

15:1 contrast with 40 V applied. Several others showed a contrast of 

about 10 with applied voltages ranging from 25 to 50 V. The favor- 
able performances indicated that a line element with a plated -nickel 
membrane about 0.4 µm thick, and a membrane -to -electrode spacing 
of about 2µm would meet our goals, while maintaining a reasonable 
yield from the fabrication cycle. 

(a) 

(c, 

(b) 

4 ) 

-4o 
'-N{.,....:+l..w! ,... 

(d) 

Fig. 14-Detector output versus applied voltage. The voltage scale is 
20 V/div. for all photos except (c), where it is 10 V/div. (a) 
line 5 of R-172, which had a membrane thickness (t), of 0.4 pm 
and a support structure height (d), of 4.0 µm; (b) line 3 of 
R-178 for which t = 0.22 pm and d = 3.3 pin; (c) line 1 of R-239 
for which t = 0.5 pm and d = 3.3 pm; (d) pulse response of line 4 

of R-238 for which t = 0.4 pm and d = 3.15 pm. The top wave- 
form shows the detector output with the bottom voltage pulse 
applied. The horizontal time scale is 20 µsec/div. for this photo. 

Some other data obtained from line elements are shown in Fig. 14. 

Light intensity versus voltage is seen for three samples in (a), (b), 
and (c) of that figure. Pulse experiments were also run to determine 
switching speed and fatigue behavior of the elements. The pulse 
response in air of one element is shown in Fig. 14(d). Another ele- 
ment of this sample was cycled 189 x 106 times (5 hours and 15 min- 
utes of pulse excitation at 10 kHz). No change was discernible either 
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in the light reflected from the element, or in the appearance of the 
element itself after excitation, indicating that fatigue effects, if any, 
are small. 

Switching of a line element was done both in air and in a pumped - 
out enclosure. Operation is slower in air than in vacuum because the 
gas in the space beneath the membrane resists compression as the 
film deforms. An early sample (MC7) with an evaporated aluminum- 
zinc membrane 0.60 µm thick and 6.5 µm high support structure was 
pulse excited in vacuum and caused light oscillations at 330 kHz. By 
using a slower rise time excitation pulse (e.g., 10 µsec), the amplitude 
of the oscillations could be reduced to very small values. In air, the 
same line element was seen to have a fast region of response followed 
by a slower tail as the air was forced out of the element space. More 
results in vacuum were obtained with other types of elements and are 
described later. 

6.2 Square Elements 

Membrane elements 0.25 -mm square were fabricated on a two-dimen- 
sional grid structure made on a 5 x 5 cm glass substrate. Line elec- 
trodes were formed that were 0.15 mm wide. and ran in one dimension 
only under one row of square elements. A silicon monoxide blanket 
about 1µm thick was deposited over the substrate to insulate the elec- 
trodes from the aluminum support structure, which was about 1.25 
µm thick. Except for a few shorts, there were no problems with this 
technique and adhesion of the supports to the SiO was good. The 
membrane was plated nickel about 0.4 µm thick. Three samples of 
this type were extensi ely tested. Data were taken for 0.25 -mm -square 
elements activated by a single line, and also for simulated large 0.75 - 
mm -square elements composed of a 3 x 3 group of the 0.25 -mm -square 
elements, and activated by energizing the three line electrodes beneath 
that group simultaneously. Several elements of each kind were tested 
on every sample. In the simulated optical memory system, the average 
contrast measured for the single elements tested was 10.4 at an aver- 
age applied voltage of 33.1 V, with an aperture in the focal plane of the 
imaging lens of about 1 mm diameter. This apertc re is large enough 
to let through the first -order light of the support grid structure. With 
the aperture reduced to 0.8 mm diameter to exclude the first -order 
light from the image, contrast increased substantially-as much as a 
factor of 2 in some cases. Contrast as high as 20:1 was obtained for a 
single element for this case. Simulated multiple -element light valves 
were also found to operate with a contrast of 10:1 or greater at volt- 
ages below 50 V, with various aperture sizes at the focal plane of the 
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imaging lens, thereby meeting our performance requirements. An- 
other test was run on a single -element valve using a fixed focal -plane 
aperture of 1 -mm diameter and various aperture sizes at the detector. 
The results are shown in Fig. 15. It can be seen that in the range 
measured, the contrast improves as the detector aperture is decreased. 
The highest contrast of 30 was obtained with an aperture about 0.68 
times the nominal image size. Of course, a reduced detector aperture 
also means reduced light at the detector, but a trade-off might be de- 

sirable in some cases. 
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Fig. 15-Contrast versus detector aperture size for one square element on 
line Si of sample 2D-5. 

A curve of light intensity versus voltage for one square element is 

shown in Fig. 16(a), while the pulse response of an element is shown 
in Fig. 16(b). Corresponding pulse responses of elements from two 
other samples are shown in Fig. 16(c) and (d). Note that in air, the 
rise time for the three elements varies from less than 10 µsec for one 
element, to 200 µsec for another. The response in vacuum of three 
elements is seen in Fig. 17, which shoes the oscillations in the re- 
flected light from the membranes as they mechanically vibrate. Note 
that the resonant frequencies range from 530 to 610 kHz, which is a 
small variation compared to that of the responses in air. The reason 
for this appears to be that the response in air is dependent on the 
number of micrometer -size holes in the membrane of an element, which 
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are a by-product of the fabrication process. The greater the number 
of holes, the faster is the response, presumably because of less damp- 
ing in air. A microscope inspection of the samples showed that 2D-5 
had the greatest number of holes per unit area, 2D-3 had fewer holes 
per unit area, and 2D-4 had the fewest holes per unit area, supporting 
the above hypothesis. 

T 1---7: 
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(d) 
Fig. 16 Detector output versus applied voltage. The voltage scale is 

10 V/div. for all photos. (a) An element of line S1 on sample 
2D-3; (b) the pulse response of an element of line S1 on 2D-3 
(the time scale is 50 µsec/div., the applied voltage pulse is shown 
on the same base line as the light output) ; (c) an element of line 
S1 on 2D-4 (the time scale is 200 µsec/div) ; (d) an element of 
line S1 on 2D-5 (the time scale is 10 µsec/div). 

6.3 Circular Elements 

Membrane elements 0.75 mm in diameter were made only on Fotoform- 
Fotoceram substrates with feedthroughs. They were accessed by indi- 
vidual wires connected to the metallization pattern on the backside of 
the substrate, which brought out a conductor from each feedthrough 
to a pad. In this respect, the circular elements differ from those of 
the sine and square elements, which were made on ordinary glass with 
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evaporated electrodes and connection pads on the same side of the 
substrate as the membrane. The use of feedthroughs introduced com- 

plications that did not exist for the elements previously described, and 
that affected operation of the circular elements. For example, the 
silver epoxy used as the feedthrough material is quite grainy and soft 
relative to the substrate. Consequently after the 0.25 -mm -diameter 

(a) 

(c) 

11-- 
r 

' 1 ' 

1 

(b) 

Fig. 17-Pulse response in vacuum. The voltage scale is 10 V/div. for 
all the photos. (a) An element of line S1 on 2D-3 (the time 
scale is 5 µsec/div., fu = 580 KHz) ; (b) an element of line S1 
on 2D-4 (the time scale is 2 psec/div., f = 610 KHz) ; (c) an 
element of line SI on 2D-5 (the time scale is 2 µsec/div., fu 
= 530 KHz). 

holes were filled with the epoxy and the substrate surface was ground 
and polished, the silver feedthrough surface was typically undercut 
and irregular. Therefore, if the feedthrough itself were used as the 
drive electrode, as it was in the earliest samples, it would be farther 
from the membrane than the support structure height, and nonuni- 
form over its area as well as from element to element. Some improve- 
ment was obtained by evaporating 0.5 -mm -diameter aluminum caps 
over and around the silver feedthroughs, and then grinding them back 
to get smoother, flatter electrode surfaces. This helped somewhat but 
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the grinding operation again produced nonuniformities in electrode 
height that caused corresponding variations in the voltage needed to 
deflect membrane elements a given amount. The next modification in- 
volved offsetting the feedthrough element from the optical element 
area, and insulating the feedthrough-electrode combination from the 

Om _ 

(a) 

(c) 

(b) 

(d) 
Fig. 18-Detector output versus applied voltage. The voltage scale is 10 

V/div. for all photos. (a) Element (5.5) of sample RX1; (b) 
element (4,5) of RC6; (c) pulse response of element (5,5) of 
RX1 (the time scale is 0.5 msec/div) ; (d) pulse response of ele- 
ment (4,5) of RC6 (the time scale is 1.0 msec/div). 

metal support structure with an SiO blanket. Thus, the drive electrode 
in the effective element area would be a deposited aluminum layer 
similar to that used for elements made on ordinary glass. Samples 
with plated -nickel membranes were made and tested with each of these 
types of electrodes used to drive the circular elements. 

Circular elements were tested in the usual optical system to de- 
termine contrast and pulse response. Results for two samples are 
shown in Fig. 18. Maximum contrast is seen to be about 15:1 in the 
light intensity versus voltage curves. The pulse response of the two 
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Fig. 19-Detector output versus applied voltage for element (1,1) of 
sample RC2. The voltage scale is 10 V/div. for all photos. (a) 
Response to sawtooth voltage; (b) pulse response (the time scale 
is 100 µsec/div) ; (c) rise time of response (the time scale is 
10 µsec/div) ; (d) fall time of response (the time scale is 10 
µsec/div). 

elements shown is seen to be rather slow. Again, it was found that 
switching time would vary markedly, with the fastest time associated 
with elements having many holes in the membrane. A fast response 
can be seen in Fig. 19, which shows light intensity versus voltage for 
the element as well as rise and fall times. One circular element of 
sample RX1 with a 0.6 -µm -thick membrane was also tested in vacuum 
and found to resonate at 125 kIlz when pulse -excited. 

Experience with the 0.75 -mm -diameter circular elements indicated 
that a device with a 0.8 -µm -thick plated -nickel film for the membrane 
and a separation of about 2µm between electrode and membrane would 
meet our performance requirements. 

6.4 8 x 8 Devices 

Completed 8 x 8 arrays with individual access to each element were 
mounted on a holder and electrically connected to an electronics test 
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panel that could select and drive a single element or scan an array in a 

sequence determined by an external trigger. By viewing the image of 
the array on a screen or letting it fall on a photodetector in the simu- 
lated optical memory system, operation of devices could be evaluated. 
More than half a dozen samples were tested this way including some 
with multiple -element light valves. 

Some of the data obtained from light valves on 8 x 8 arrays have 
already been described in the section on circular elements. Other data 
involve uniformity over the array and a variation of properties with 
changes in dimensions or the geometry of the element. Using the test 
electronics an 8 x 8 array would be scanned at a low voltage, and the 
corresponding contrast of elements would be noted at the image of the 
array on a screen. As the voltage was increased in steps, further 
changes would be observed until either the entire array was operating 
with good contrast, or the reasons why it was not operating with good 
contrast were determined. One fabrication problem involved collapsed 
or partially collapsed elements on a completed sample. The first arrays 
were made using the feedthroughs directly as electrodes, which re- 
sulted in many problems as previously described. The samples with 
0.5 -mm -diameter aluminum caps performed much better but were still 
nonuniform. The grinding step would leave the caps higher in the 
center of an electrode than at the periphery, and produce considerable 
variation in the height of an electrode from element to element on 
the same sample. One sample with cap electrodes, when completed 
had all 64 elements intact, flat, and quite specular to the eye. How- 
ever, two shorts between membrane and electrodes were found during 
electrical checkout. While other elements worked, they did not operate 
at the same applied voltage. Some elements had high contrast at 30-35 
V, while others did not have good contrast until perhaps 45 V had 
been applied. Later samples were made with the feedthroughs offset 
from the optical element area and the drive electrode beneath the 
entire 0.75 -mm -diameter element to achieve better uniformity. A 

blanket layer of silicon monoxide was used to insulate the feedthroughs 
from the aluminum support structure. Several shorts between the 
feedthroughs and supports were typically found on such samples. We 
then decided to try silicon monoxide support structures, thereby elimi- 
nating the need for aluminum supports and also easing the short situ- 
ation. Early results with this technique have been quite encouraging 
and we are pursuing it further. 

Other tests made on 8 x 8 devices involved simulations of the pro- 
totype device by connecting a MOSFET to an electrode of a sample, 
and evaluating the performance of the combination. Several semicon- 
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ductor chips with four transistors on each, as designed and made by 

RCA Somerville, were cut, packaged in standard 14 -lead DIP cases, 
and delivered to us. Tests showed that all of the original specifica- 
tions had been met. The breakdown voltage between any two terminals 
of a MOSFET exceeded 50 V and in some cases was 70 V or more. In 
addition, pulse tests with simulated loads verified that the transistors 
could drive an element to 50 V in 1 sec or less, with appropriate 
pulses on the gate (X) and data (Y) lines. Finally, the transistors 
on a chip were used to drive membrane elements on an 8 X 8 device 
by making the proper connections to the individual access pads. Some 
of the results are shown in Fig. 20. The top waveform is the data 
pulse (Y), the middle waveform is the gate pulse (X), and the bottom 
waveform is the light output from the detector. In (a), the gate pulse 
overlaps the data pulse completely, so that the element charges and dis- 
charges again when the data pulse occurs. In (b), the pulses are nar- 
rowed so that the gate width is 10 µsec. The storage effect is seen 
when the gate pulse terminates while the data pulse is still present. 
In (c), the pulses are narrowed further so that the gate width is about 
1 µsec. Note that the contrast has decreased because the element did 
not charge fully in 1 µsec. In (d), the gate and data pulse amplitudes 
were increased to 40 from 37 V. Note that full contrast is now ob- 
tained since the element does charge sufficiently in 1 µsec. In (e), the 
same waveforms are seen on an expanded time scale. These results 
are seen to verify proper operation of the transistor -light valve com- 
bination. 

7. Discussion 

It is of interest to consider the experimental data with reference to 
the analyses previously performed for electromechanical operation. 
Note that Eq. [5] predicts that the central deflection (zo) of a line 
element with a constant built-in tension, is proportional to the square 
of the applied voltage (V), while Eq. [11] predicts that z0 of a line 
element with tension resulting only from elongation of the film is pro- 
portional to the two-thirds power of V. Fig. 11 shows the experiment- 
ally found dependence of z on V. Fig. 12 indicates two broad regions 
of exponential influence. For small deflections, the exponent of V (the 
slope of the lines through the points) appears to have a value of about 
1.7 to 1.9, depending on how one draws a line through the points. For 
deflections larger than about 0.3 µm, the exponent is about 3.6. For 
the region of small deflections, we would expect that the built-in ten- 
sion dominates, since there is little elongation. Therefore, the expon - 
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Fig. 20-Waveforms showing simulated operation of a prototype device. 

The voltage scale is 20 V/div. for all the photos. The zero light 
level is at the top line of the graticule. The time scale is 10 
µsec/div. for (a), (b), (c), and 1 µsec/div. for (d). 

ent should be close to 2. As the deflections get larger, the assumption 
that z0<< d no longer applies and one would expect that for fixed To, 
an incremental change of voltage would produce even greater deflec- 
tion than predicted by Eq. [5], since the center of the element mem- 
brane is closer to the electrode than the nominal separation. This 
effect appears to completely override the effect of increasing tension 
caused by elongation. In fact, for deflections that are an appreciable 
fraction of the original separation, a runaway situation can and some- 
times does eventually take place with the thin film collapsing on the 
electrode, or tearing. The above data suggest that the built-in tension 
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in the deposited film is much larger than that contributed by stretch- 
ing of the film. The vacuum tests support this view because the vibra- 
tion frequency of the membrane did not vary appreciably with changes 
in the amplitude of the exciting pulse. Another point in support of 
this view can be made by calculating the tension in a film from Eq. 
[13] repeated here for convenience 

1 To 

f, =- -. 
2W St 

For the line element of MC -7 (for which the resonant frequency of 

330 kHz was measured and for which W .25 mm, S 2.7 gm/cm3, 
and t 0.6 ¿em), it turns out that To from the above equation is 44 

newtons per meter (N/m). This represents the total tension in the 
film regardless of the cause. Now we can estimate the component of 
tension in the film caused by elongation from Eq. [8], T = (SW /W) 
Et. We have also previously calculated the incremental strain, 
(.1W/W), for a deflection of 1 µm of a cell 0.25 mm wide and found 
it to be 0.43 X 10-4. Using E = 7.3 X 1010 N/m2 for aluminum-zinc in 

the equation, we can solve for the tension to find T 1.9 N/m, which 
is less than 5% of the total tension in the film, even with a deflection 
of 1 µm. Thus, the tension introduced in the film during fabrication 
appears to be the dominant one. The total strain in the film would be 
about 0.1%, which is still small and well within the elastic limit of 
most metals. The experimental data support this point since no change 
in the operating characteristics of an element was seen after 189 mil- 
lion cycles of excitation. It should also be noted here that in other 
work with membrane elements,' no fatigue effects were seen even after 
1012 cycles of operation. 

The pulse response of membrane elements both in air and in 

vacuum showed that fast operation of these light valves is possible. 
In vacuum, vibrations at resonance must be avoided. This can be ac- 
complished by using drive pulses having rise times that are slow rela- 
tive to the natural vibration period of the element, but that can still 
be in the 5-10 µsec range. Another possibility is to bleed in enough 
air to critically damp the oscillations. In air, it was noted for both the 
square and the circular membrane elements that the speed of response 
is strongly affected by the number of micrometer -sized holes in the 
membrane. Fastest response (10 1&sec) was seen for elements with 
the most holes, which allow for the easy passage of air into and out 
of the membrane -to -electrode space. 

The analyses of optical performance were useful in understanding 
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operation of the light valves and in predicting experimental responses. 
The geometric optics approximation was useful in predicting that 
about 1 Ian of deflection would result in an optical contrast of about 
10:1 at the detector. This value in turn was used to calculate that 
50 V or less might be sufficient to operate a 0.25 -mm -wide or larger 
element. The more complicated computer analysis, which included con- 
siderations of diffraction effects, also yielded useful results. One of 
these was the prediction of the oscillatory portion of the curve of the 
light intensity at the detector as a function of deflection, as can be 
seen in the calculated plot of Fig. 5, as well as in the numerous photos 
showing I versus V. The agreement between the calculated and ob- 
served behavior can be seen by comparing Fig. 5 with Fig. 13. The 
two plots are quite similar, with the only appreciable discrepancy 
occurring in the location of the peaks and valleys of the oscillatory 
portion of the cuves. The factors that may be contributing to these 
differences are the nonparabolic deformation of the element in the 
actual case, the differences in the reflectivity of the membrane and 
support structure, and the actual placement of components such as the 
focal -plane aperture in the experiment. The qualitati\e analytical re- 
sults concerning variations in illumination and in aperture size at the 
focal plane and/or at the detector have also been verified by experi- 
mental obsen ations. It is clear that system trade-offs are possible to 
obtain high -contrast operation of a membrane light valve by the 
appropriate choice of aperture size used at the detector and in the 
Fourier transform plane. 

Experience with the fabrication of light valves on ordinary glass 
substrates and on Fotoceram substrates with feedthroughs clearly pin- 
pointed the problem areas which need to be worked on. Common to 
all the valves is the need for a defect -free membrane with no collapsed 
elements. Although difficult, this has been accomplished and can be 
done. In addition, the use of multiple -element valves alleviates the 
problem somewhat. There are also difficulties associated with the feed- 
throughs. Different materials and improved techniques should be in- 
vestigated for filling the etched holes and smoothing the feedthroughs. 

8. Conclusions 

The production of a membrane light -valve page composer for optical 
memory systems appears feasible. Iembrane light s alves located over 
a 1/2 inch square area were operated at high speed with good contrast, 
efficient utilization of light, and without fatigue. The electromechani- 
cal and optical performance of membrane elements have been analyzed 
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and agree well enough with experimental results to give confidence in 

the models. It is now clear that membrane elements make excellent 

light valves. What remains to be shown is that arrays of such valves 

can be produced without serious defects and with enough uniformity 

to operate within practical tolerances. The remaining problems appear 

to be small ones that should yield to technological effort. 
Several arrays of 64 elements on substrates with feedthroughs 

allowing access to individual electrodes from the backside have been 

made and tested. Single light valves of the arrays have been success- 

fully operated with transistors designed and produced for selection 

and storage at a bit location. In this way, simulation of the operation 
of a prototype page composer with semiconductor chips bonded to the 
substrate was accomplished. 
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The Insulated -Gate Field -Effect Transistor -A Bipolar Transistor in Disguise 

E. O. Johnson 

RCA International Licensing, New York, N. Y. 

Abstract-Straightforward physical arguments show that when the IGFET specific 
gate capacitance is increased, such as by decreasing insulator thick- 
ness or by increasing the dielectric constant, device performance will 
change toward the low impedance, high transconductance character- 
istics uniquely typical of bipolar transistors. At relatively large specific 
capacitances, the characteristics become remarkably similar to those 
of bipolar transistors. The analysis shows that there is a fundamental 
trade-off between impedance level, transconcuctance, transconduc- 
tance/current ratio, and power gain in IGFET's. The high input impe- 
dance uniquely typical of the IGFET stems from the gate-insulator 
capacitance and not from any unique behavior of field-effect action. 

An explanation is given for the previously unexplained limiting value 
of e/KT experimentally observed for the transconductance/current ratio 
at low IGFET drain currents. Modification is suggested to correct 
existing IGFET theory, which incorrectly predicts unlimited increase in 
the transconductance/current ratio as the specific gate capacitance 
is increased. 

The above results are derived from the behavior of the high/low 
dynamic junction that connects the source and channel, a junction 
that has the e/KT behavior of the emitter/base junction in the bipolar 
transistor, and whose presence and behavior seem to have been gen- 
erally unappreciated. One interesting consequence of this junction is 
that it results in a dynamic control capacitance identical in form and 
magnitude to that of the diffusion capacitance in the bipolar transistor. 
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Introduction 

Although both the Insulated -Gate Field -Effect Transistor (IGFET) 
and the bipolar transistor operate on charge -control principles," these 
devices are widely believed to be intrinsically different in the details 
of their operation.' On the one hand, the bipolar transistor is char- 
acterized as a device with a perfect elk?' control action that results in 

a high transconductance, a transconductance/current ratio that reach- 
es the theoretical maximum value of e/kT, and a low input impedance 
that is caused in a large measure by the shunting action of a dynamic 
capacitance known as the diffusion capacitance. On the other hand, 
the IGFET is widely characterized as a device having a relatively low 

transconductance that is somewhat akin to that of a vacuum tube, a 
transconductance/current ratio that is in practice well below the theo- 
retical limit e/kT, and a relatively high imput 'impedance. Conven- 
tional IGFET theory,' however, does predict a transconductance/cur- 
rent ratio that approaches infinity as the gate -insulator capacitance is 
made arbitrarily large as, for example, by making the insulator thick- 
ness approach zero in value. This prediction seems intuitively incor- 
rect. At least it is at marked variance with the behavior of other 
charge -control devices such as the bipolar transistor and vacuum 
tubes.º 

The following analysis was inspired by three items. The first of 
these was the interesting experimental observation that field-effect 
transistors universally exhibit a transconductance/current ratio that 
closely approaches e/kT in value as their drain currents are decreased 
to low values.' As far as the author can tell, no detailed explanation 
of this unexpected result was ever given. The second item is the 
intuitively incorrect result predicted for the transconductance/current 
ratio by conventional IGFET theory. If it were true that this ratio 
approached infinity with decreasing gate -insulator thickness, the 
IGFET would be a most unusual device indeed!' The third, and poten- 
tially most important item, is the extant implication that IGFET 
devices are restricted to relatively lower transconductances than bi- 
polar transistors and thus suffer a basic speed disadvantage, particu- 
larly in digital integrated circuits' wherein load and stray capacitance 
driving capability must be considered in addition to the usual device 
measures of frequency performance, for example, the current gain 
cutoff frequency FT. 

IGFET Potential Distribution 

Simple physical arguments added to the classical picture of IGFET 
behavior lead one to believe that the source-drain potential distribu- 
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tion existing within a few kT/e potential units of the silicon-insulator 
interface is as shown in Fig. 1. Here, the gate is biased to create an 
inversion channel and the device is operating in drain saturation. The 
point of particular interest in this paper is the potential barrier V 
that must exist in the source-channel interface region to balance the 
large charge -density difference across this interface. The many con- 
sequences of this will be described below. 

SOURCE 

ELECTRON 
1ENERGY 

1 

POTENTIAL 

GATE 

.SXXXX]LS(X%)(XXX 

1.0-- CHANNEL REGION 

GATE 
INSULATOR 

DRAIN 

CHANNEL 
PINCHOFF 
POINT 

+- DEPLETION 
REGION 

Fig. 1-General form of the source-drain potential distribution in an 
n -channel IGFET operating in drain saturation. 

The potential decrease along the channel shown in Fig. 1 is due 
to the IR drop caused by the load current and channel resistance. The 
pinch -off point is reached when the net voltage across the gate insu- 
lator falls to zero. A depletion region exists between this point and 
the drain. The striking general similarity to the emitter -collector 
potential distribution in the typical bipolar transistor is to be noted. 
Similarities in the channel-drain region, such as the Early effect, have 
been noted elsewhere.' One presumes that other similarities exist, such 
as "channel widening", corresponding to bipolar base widening, and 
also a complex mixture of both field and diffusion flow in the channel,' 
as in the base of the bipolar device. 

Let us now consider the small but important potential barrier V 
in more detail.° The charge density induced in the conducting channel 
of an IGFET is at least a few orders of magnitude smaller than the 
dopant charge density in the usual source electrode. Accordingly, just 
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as at the emitter-base junction in the bipolar transistor, the carrier 
densities across the source -channel interface can be connected by a 
Boltzmann relation: 

n, 

n8 
- exp 

kT ) [1] 

For an n -channel device n, is the electron density on the channel side 
of the interface, n8 is the electron density on the source side, e is the 
electron charge, V, is the previously noted barrier potential of Fig. 1, 
k is Boltzmann's constant, and T is the absolute temperature of the 
region in question. An analogous relation holds for p -channel devices. 
For our purposes Relation [1] will be considered meaningful down to 
one inversion channel depth, that is, a few kT/e potential units 
from the semiconductor-insulator surface interface. Since carrier 
densities in both the source and channel regions generally vary with 
depth from the surface interface, the potential V8 will in general vary 
with depth. This detail should not affect the general conclusions of 
this paper and for simplicity we shall assume a single a\erage value 
of V8. 

A further detail to be noted is that the source-channel barrier is a 
high/low junction in contrast to the pn-junction at the emitter-base 
interface in the bipolar transistor. A high/low junction is more ohmic 
in behavior than a p -n junction and thus need not produce an offset 
effect near the origin of the 1-V characteristic, as is typical of bipolar 
transistors but not of field effect devices. 

Potential Distribution in the Input Circuit 

In IGFET devices of conventional design, virtually all of the input 
voltage applied between the gate and source electrodes appears across 
the gate insulator. One electrode of the gate -insulator capacitor is the 
gate electrode, and if we neglect stray capacitances and edge effects, 
the other electrode is the conducting channel itself. This channel 
returns the circuit to the source through the I reviously cited high/ 
low junction. Under both do and ac operating conditions the potential 
V8 across this junction is in series with the voltage across the gate 
insulator and any IR drops that may appear in the input circuit. These 
resistive drops act in much the same way as the base and emitter 
series resistance in the input circuit of the bipolar transistor; the po- 
tential V8 acts in almost exactly the same way as the potential across 
the emitter -base junction. All mobile load -current carrying charges 
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that traverse the active region of the device must first climb a kT/e- 
type potential barrier to be "activated" for use in the load path. 

If the deice input voltage is increased to increase the inversion 
charge in the channel, the potential V8 must decrease according to Eq. 
[1] to account for the new charge -density ratio across the junction. A 

change in V8 of several kT/e potential units can account for a relatively 
large change in channel inversion charge and so is not normally noticed 
in the usual IGFET input circuit where the largest fraction of the 
input voltage is absorbed across the insulator. However, in the limit 
when the gate insulator capacitance is made large, such as by de- 
creasing the ¡insulator thickness or increasing the dielectric constant, 
the inptit voltage drop across this part of the circuit will approach 
zero and the entire input voltage will approach V8 except for any IR 
drops that may remain. The situation then becomes almost identical 
to that in the input circuit of the bipolar transistor. 

The IGFET Control Capacitance 

In the same manner that changes in base minority -carrier charge in 
the bipolar transistor can be associated with a change in the emitter - 
junction voltage, the changes in IGFET channel charge can be asso- 
ciated with changes in the potential V8. This recognition, combined 
with the well-known definition of capacitance as a change in charge 
for a change in associated voltage, leads to what might be defined as 
a control capacitance Cc. In the following derivation Q, is the total 
channel inversion charge: 

dQ, d eV8 
Cc= -= - const. exp - 

dV8 dV8 C kT 

e 

=Qc-. 
kT 

[2] 

[3] 

The channel charge Qe relates to ne in Eq. [1] for the reasons shown 
in the Appendix. The capacitance C, is the same in form and magni- 
tude as the well-known diffusion capacitance that shunts the input of 
a bipolar transistor. Of the total device input voltage some fraction 
will appear across the high/low junction kT/e and thus across Ca 

which is effectively in series with the gate insulator capacitance. The 
fraction of the input voltage that appears across C, can be viewed as 
the useful portion of the input voltage relative to the modulation of 
channel charge and drain current. The fraction of the input voltage 
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absorbed across the gate insulator capacitance is lost as far as charge 
modulation is concerned. The charge on both capacitances is equal 
since the capacitances are effectively in series. 

Transconductance Relations 

The drain current I is related to the channel charge Q, by 

Qo 1=- 
7 

[4] 

where r is the charge carrier transit time in the channel. This rela- 
tion simply states that a charge Qc is swept out into the drain each 
time period T. 

In the extreme limiting case of an infinitely large specific gate - 
insulator capacitance, all of the input voltage appeals as VA; none is 
lost across the insulator. At this hypothetical limit the transconduc- 
tance Um is given by 

dl dl 1 dQ, Q, e g,n=-=-=---=-- 
dVg dVe r dV, - kT 

or, by Eq. [4], 

e 
=I - ; 

kT 

the transconductance/current ratio is given by 

9m e 

I kT 

[5] 

[6] 

This new result for the limiting transconductance/current in IGFET's 
is consistent with that of other charge -control devices, such as the 
bipolar transistor and the grid -controlled vacuum tube. This new limit 
is to be compared with that predicted by classical IGFET theory 

[7] 
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which is found in standard texts or can be straightforwardly derived 
from Eq. [24] in Appendix 1. Relation [7] predicts an unlimited 
range of values, in particular, ones that can be in excess of a/kT if 
V, is made sufficiently small. This excursion can be achieved in 
principle by arbitarily increasing the value of the specific channel 
capacitance and decreasing V, correspondingly to keep the channel 
charge constant, or Eq. [24] in the Appendix satisfied. In IGFET's 
of conventional design, V is of the order of a volt, and the incorrect 
limit result predicted by Eq. [7] does not come into question. 

Generalized Transconductance and Input Impedance 

Consider the general situation wherein the total gate input voltage V 
divides across the total gate insulator capacitance Co (= CL of Appen- 
dix 1) and the control capacitance C, associated with Ve and the chan- 
nel charge. For simplicity, we shall ignore stray capacitances at the 
channel ends and those arising from depletion layers between the 
channel and the underlying semiconductor body. Following the proce- 
dure in Eq. [5], the transconductance will then be 

e dVa 9,,,=I--. 
kT dV, 

[8] 

The derivative term can be evaluated by using the distribution of 
voltage across Co and Co, 

Co 
Vs= Vy 

Co + Co 

which gives 

dV8 Co dC -= VpCo(Co+ Cc) -2-. 
d17, C0+ Cc dVU 

Substituting Eq. [4] into Eq. [3] and differentiating gives 

e -=7-gm. 
dVo kT 

[91 

[10] 

Use of Eq. [11] and several other simple substitutions in Eq. [10] 
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gives the final results: 

e Co 1 

[12] gm= -1 
kT 

e 

Co + 2CJ 

Co 
for Co«C. [13] gm=-I-: 

2kT 

e 

Co 

for Co» C. 

for Co = 

[14] 

[15] 

gm= -1 
kT 

e 

I gm= - 
3kT 

Relation [13] corresponds to the situation in IGFET's of conven- 
tional design. That this is indeed the case can be seen by using sub - 
situations from Eq. [3] and from Eqs. [28] and [29] of the Appendix, 
which reduce Eq. [13] to 

3/2 
gm= I-. 

V9 

[16] 

Aside from the small difference in the numerical constant, this rela- 
tion is identical to that derived from classical IGFET theory as 
typified by Eq. [7]. Note, also, that Eq. [13] can be written 

-gm=--=_ 
Co 2kT Co 2 r 

[17] 

which shows that there is a basic trade-off in an IGFET between 
transconductance and input impedance as represented by 1/Ca. High 
input impedance or dynamic voltage range capability results in low 

transconductance and vice versa.' 
The condition represented in Eq. [14] is ,identical to that of a 

bipolar transistor~ and is approached in an IGFET of conventional 
design at very low drain currents where Co, as seen from 

e e 

Cc=-Q,=-I ;, 
kT kT 

[18] 
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is relatively small. This result seems to be a reasonable explanation 
for the IGFET experimental observations noted earlier.' Condition 
[14] \could be observed at higher drain currents if the specific insulator 
capacitance is increased. Numerical calculations based upon surface 
C -V data'° seem consistent with the results noted above. 

With respect to Eq. [F5], there is a general physical argument 
to the effect that the parallel plate spacing must be approximately a 
Debye length for the gate capacitance to match the control capacitance. 
A similar ty pe of argument shows that Co Co when the gate voltage 
is equal to kT/e. More generally, C,./C 

Frequency Capability 

As the IGFET specific gate capacitance 'is increased to make the device 
approach the bipolar transistor earmark characteristics of high trans - 
conductance and low input impedance, the IGFET frequency capability 
will improve because of an improved ability to rapidly charge parasitic 
device and circuit capacitances. 

The above conclusion as well as the effect on power gain can be 
seen from another Viewpoint also. This viewpoint was developed in 
an earlier analysis based upon charge control considerations as well 
as upon solid-state material constraints.'Z The analysis showed in a 
very general manner that there are basic trade-offs between transistor 
power gain Gp, device input voltage dynamic range VT, maximum 
allowable device output voltage Vm, and operating frequency f at 
which the foregoing parameters were defined. For either a bipolar 
or field-effect transistor at their ultimate performance limit, 

Ev8 
(GpV7,Vm)1/2f =-. 

2a 
[19] 

Here, the basic device material constraints are E, the dielectric break- 
down field of the semiconductor, and v8, the carrier saturation velocity. 
For a given value of V8,. GI, and f will be maximum when VT is a 
minimum. The minimum attainable value of VT is the kT/e charac- 
teristic of bipolar transistors. The value of VT (- V9) for IGFET's 
of conventional design is typically several volts. Accordingly, as VT 

is decreased toward the kT/e value of bipolars by increasing the 
specific gate capacitance, IGFET power gain and frequency response 
characteristics will improve. 
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Other Effects 

In accord with the classical picture of IGFET operation, the drain 
saturation voltage will tend to decrease with the gate input voltage 
as the specific ,input capacitance is increased. This can be seen from 
Eq. [24] of the Appendix, Ishich shows that 

LL1 
V9 (= drain saturation voltage) = - . 

µC 
[20] 

Accordingly, the drain saturation voltage will vary inversely with the 
square root of the gate insulation capacitance in the range repre- 
seated by Eq. [13]. In the range near that described for Eq. [15], 
the behavior of the drain saturation voltage with gate -insulator 
capacitance is more complicated. At the hypothetical limit for V9 

of kT/e, the drain saturation voltage would be of the order of kT/e. 
This, combined with the absence of the typical voltage offset of 
bipolar transistors, would put the current knee at a lower voltage 
than that seemingly possible with bipolar transistors. 

The dynamic power consumption Pd of a digital circuit is given by 
the well-known relation 

Pd=fCV==fQV. 

If we assume a given value of the operating frequency f and a given 
switched charge Q, then Pd will decrease with V, the operating voltage 
level. This level is directly related to the drain saturation voltage. 

Junction Field -Effect Transistors 

I have not considered in detail the reasons for the approach to e/kT 
limits for JFET's, which was also noted experimentally at low drain 
currents.' Crudely speaking, the reasons for this behavior would seem 

to be as sketched below. 

The equivalent of the IGFET insulator capacitance in JFET's is 
the gate depletion capacitance. The carrier charge activation barrier 
is not at the channel -source electrode interface, as in the IGFET, 
but effectively exists around the edges of the channel where the 
channel joins to the gate depletion layer. As the gate voltage is 
decreased, the channel expands its dimensions, and total charge, by 
the thermal motion of majority carriers which climb a kT/e hill at 
the channel-depletion-layer interface. In other words, the location of 
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the channel edge moves outward toward, and is defined by, the po- 

tential surface at which the depletion layer retarding potential is of 

the order of kT/e units higher than that of the underlying channel. 
If the channel current is very small, as would be the case for very 

small total channel charge, then the fraction of total channel charge 
that feels the kT/e barrier will be relatively large, and we should not 
be surprised to find gm/I ratios approaching e/kT. To state it an- 
other way, which is analogous to the IGFET case, the channel control 
capacitance is relatively small compared to the depletion layer capaci- 
tance, which is in series with it. At large channel currents, the situa- 
tion is reversed, and we should not expect to find kT/e results. 

To maximize the drain current at which kT/e characteristics are 
evident, the device should have a very heavily doped, thin, channel. 
This would maximize the depletion layer capacitance, maximize the 
transconductance, and minimize the input impedance and dynamic 
input voltage range. Indeed, high performance JFET devices are fabri- 
cated in this manner." 

Analysis Limitations 

The preceding analysis was intended as a demonstration of basic 
physical principles and consequent limits, rather than as a detailed 
analysis of any particular device under specific conditions of operation. 
For reasons of simplicity, the effects of stray capacitances, resistances, 
and frequency were neglected. As with bipolar transistors, these 
effects can almost certainly be expected to deter the attainment of 

the theoretical e/kT limit in commercially realizable devices. The kT/e 
limit, itself, should be inviolate. 

Summary 

The preceding analysis proposes that an IGFET can be viewed as a 

hypothetical bipolar transistor with a base that couples to the outside 
world through a series capacitance, the gate -insulator capacitance. 
The bipolar device is unusual in that it has no do base current, that is, 

it has an alpha identically equal to unity, and has no do net leakage 
current. If the series capacitance is increased sufficiently, the IGFET 
performance takes on the distinguishing characteristics of the bipolar 
device. 

To Warner's statement' "It is noteworthy that attainable gm in 

the MOSFET is tied directly to the state-of-the-art, whereas gm in 

the bipolar device its essentially fixed by nature," I would add, "But 
the MOSFET state-of-the-art leads toward precisely the same natural 
limit!" 
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Appendix 1-Channel Charge Relations 

The following derivation closely parallels conventional derivations 
that take into account the variation of voltage along the channel 
length of the gate capacitance due to the resistive voltage drop along 
the channel. Relationships are developed between applied gate voltage, 
physical gate capacitance, channel charge, potential drops along the 
channel, and t::e channel current. Particular attention in the following 
derivation is given to the relationship between total channel charge 
and the charge density conditions at the source end of the channel. 
These need to be related to justify Eqs. [2] and [3] of the text. 

The inversion charge Q(x) per unit length of the channel at the 
point x units from the source is 

Q(x) = C [V- V(x)], [21] 

where C is the gate -insulator capacitance per unit length of the 
channel, VD is the applied gate voltage (which is assumed totally 
across the gate capacitance), and V(x) is the voltage drop at the 
point (x) due to the resistive drop along the channel associated with 
the flow of the load current 1. The differential drop dV per differential 
length dx of the channel at the point x is 

I I dx 
dV = = 

O(x) µQ(x) 
[22] 

where a(x) is the channel conductivity at the point x, and p. is the 
charge -carrier mobility, which is assumed constant along the channel. 
This assumption should have no effect on our final conclusions over a 
rather wide range of behavior of it. 

Substituting Eq. [21] into [22] and integrating the voltage be- 
tween the limits 0 and V, and the distance over the limits 0 and x, 
we get 

2I 
V2-2VaV-1--x=0. 

µC 
[23] 
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For the pinch -off condition, V= Vg at the drain end of the channel 
where x= I,. In consequence Eq. [23] yields: 

2/ Vn2 

L 
[24] 

This shows several well-known relations that apply at channel pinch - 
off. 

Inserting Eq. [24] into [23] and solving for V we get 

I'=V,±Vg [25] 

The positive sign is spurious and will hereafter be dropped. Eq. [25] 
gives the potential drop along the channel under pinch -off conditions. 

For conditions below pinch -off, Eq. [25] becomes 

bx 
V = V -V,,,/1-- / I, 

[26] 

where b expresses the ratio of the actual current I to the pinch -off 
value at a given value V, of the applied gate voltage. Eq. [26] states 
that V never rises to a magnitude VD unless pinch -off occurs, that is, 
unless 1, =1. It is interesting to note that under non -pinch -off condi- 
tions, there will be a low/high junction at the channel/drain interface 
in addition to the high/low junction at the source/channel interface. 
The junction voltage at the drain end of the channel will be the larger 
of the two, because the channel charge density islower at this end. 

Inserting Eq. [25] into [21] we obtain the expression for the in- 
version charge Q(x) per unit length of the channel at any point x 
along the channel: 

Q(x)= CV, ,/ 1-x 

At the source end of the channel x = 0, and 

[27] 

Q (x) = Q(0) = CV,. [28] 

The total inversion charge Q, in the channel is obtained by integrating 
Eq. [27] over the length of the channel: 

Q, = 2/3 LQ(0) . 
I 29] 
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To relate Q(0) to the channel volume charge density ne adjacent 
to the source, and hence to Eq. [1] of the text, we make use of a 
previously derived semiconductor surface relation" that links the 
inversion charge density n, with the surface potential 0, the distance 
x from the surface into the material's interior, the intrinsic carrier 
density ni, the doping density nA of the background material, the 
minority carrier charge density no in the background material, and 
the intrinsic Debye length .(: 

ne = 
no 

n 
c 

nit 

\'i:s x 
I -+exi 
/ 2,C o 

} 12 

2kT 
[30] 

An analogous thermal equilibrium relation applies to p -channel 
devices. 

The potential at the semiconductor surface is 1,1/0. Eq. [30] is only 
valid in the inversion layer. Terms involving the fixed dopant charge 
and the majority carrier charge were dropped. We now integrate the 
relation 

Q(0) = W inedx, 

wherein W is the lateral gate width. We obtain 

Q(0) = 
2WLJn 

n ,/, 

C n., ) 

[31] 

[32] 

wherein n= no exp {e'o/(2kT) } is the inversion charge density at the 
semiconductor surface adjacent to the source. The integration was 
carried out to a depth x into the material sufficient to include the 
majority of the inversion charge. 

Eq. [32] is the desired relation. It shows that the channel volume 
charge density adjacent to the source is directly proportional to Q(0) 
and hence to the total channel charge Q, (Eq. [29]). 

Relation [32] is quite general. It is not affected by the inclusion 
of nonthermal equilibrium conditions into Eq. [30], as for example, 
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by including the effect of the load current IR voltage drop along the 
channel. The above relationship between the total charge in the 
channel and the channel charge density adjacent to the source is 
analogous to the familiar bipolar transistor relationship between total 
base charge and the base charge density adjacent to the emitter. 
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Practical Use of III -V Compound Electron Emitters*t 

A. H. Sommer 

RCA Electronic Components, Princeton, N. J. 

Abstract-Aspects of the physics and chemistry of III -V electron emitters have 

been discussed in many publications and have been summarized in 

several review papers (3, 29). The emphasis of the present paper is 

on the practical use of these new materials. After a brief recapitulation 
of the principles on which the new cathode materials are based, the 
paper discusses the technological problems encountered in the forma- 
tion of the cathodes and gives an account of the most important 
practical III -V emitters and the devices in which they are successfully 
used. Some materials that are still in the developmental stage are 
described, followed by a few remarks dealing with the stability of 
III -V electron emitters. 

1. Introduction 

In 1965, Scheer and Van Laar'° reported that they had obtained higher 
white light sensitivity with cesium -activated p -type GaAs photocath- 
odes than had been obtained with any photocathode material up to 

* The research reported in this paper has been sponsored by the U.S. 
Army Electronic Systems Command, Fort Monmouth, N.J., the U.S. Army 
Night Vision Laboratory, Ft. Belvoir, Va. and the RCA Corporation. 

t This paper also appears in the Proc. 4th Int. Symp. on GaAs, Inst. of 
Phys. Conf. Ser. No. 17, 1973, published by the Institute of Physics, 
Bristol, England. 
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that time. This result stimulated research on the electron emission 

characteristics of cesium- and cesium -oxygen" activated III -V com- 

pounds in many laboratories, with the goals of obtaining a better 
understanding of the emission process and of producing new materials 

for use in photoemissive devices such as photomultipliers, image tubes, 

and television camera tubes. In both directions great progress has 

been made during the intervening years. 

2. Comparison of Negative -Electron -Affinity and Conventional 
Electron Emitters 

The principle of negative electron affinity (NEA) and its use in III -V 

compound electron emitters has been discussed in many papers (see, 

for instance, References (3) and (29)). For the present purpose, it 

is therefore sufficient to summarize in greatly simplified form the 

essential points that lead to the practical usefulness of these materials 
as photoelectric and secondary electron emitters. (The use of NEA 

III-\ compounds for cold cathodes will not be discussed in this paper, 

because it is still in the developmental stage. Promising results with 

GaAs cold cathodes have recently been reported by Schade et al".) 

The advantages of the NEA emitters over previously used (here- 
after called "conventional") semiconducting electron emitting mater- 
ials, such as the alkali antimonide photocathodes21 and the alkaline 

earth oxide (MgO, BeO) secondary emitters, are illustrated in Figs. 1 

to 3. Figs. 1(a) and 1(b) show the simplified energy -band diagrams 
for strongly p -type -doped conventional and NEA electron emitters. 
respectively. In case (a) the work function (difference between Fermi 
level and vacuum level) is larger than the bandgap energy EG by the 
amount E,,, the electron affinity; in case (b) it is smaller, hence the 
electron affinity is negative. No material is known that corresponds 
to Fig. 1(b). However, in Cs -activated p -doped materials the bands 
bend downward near the surface" as shown in Fig. 1(c), resulting in 

"effective" NEA because then the vacuum level ties below the bottom 
of the conduction band in the bulk material. 

The advantage of NEA for electron emitters is based on the follow- 
ing facts. Excited ("hot") electrons produced in the bulk of the 
material by light (photoemission) or by the impact of electrons 
(secondary emission) are able to escape into sacrum only if on their 
path to the vacuum interface they retain enough energy to overcome 
the surface barrier EA. Hot electrons lose energy rapidly (about 10-'2 
sec) through interaction with phonons until they have been "thermal- 
ized" at the bottom of the conduction band; therefore, in case (a), 
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VAC 

CONO 

VAL 

a 

S OLIO -+ VACUUM 

b 

Fig. 1-Energy-band models, Val. = top of the valence band, Cond. = bottom 
of the conduction band, Vac. = vacuum level, Eo = bandgap energy, 
sc = work function, EA = electron affinity, NEA = effective negative 
electron affinity. Three basic models are shown: (a) photoemissive 
p -doped semiconductor. (h) NEA semiconductor, and (c) NEA 
semiconductor with band bending. 

only those electrons can escape that have been produced so close to the 
surface (usually within a few hundred angstroms) that their energy 
still exceeds the value (EG + EA). On the other hand, "thermalized" 
electrons have a much longer life time (about 10-9 sec) ; therefore, in 

case (b), electrons that have their origin at much greater distance 
from the vacuum interface (order of microns) can diffuse to the 
surface and still have sufficient energy to escape. The NEA emitter 
therefore differs basically from the conventional (positive -electron - 
affinity) emitter by the much longer escape depth of the excited 
electrons. 

Fig. 2 shows schematically the effect of NEA, i.e., of enhanced 
escape depth, on the spectral response curves of photoemitters. Curve 

Fig. 2-Schematic plot of quantum efficiency (QE) versus wavelength, (a) 
for conventional and (b) for NEA photoemitters. 
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(a) represents a conventional emitter (positive electron affinity) and 

curve (b) a NEA emitter. Equal E0 values are assumed for both 

cases to emphasize the basic difference. Comparison of the curves 

shows the following: 
1. At short wavelengths, where the photon energy is much larger than 

E0 and, hence, the light absorption is high, the quantum efficiency 

(QE) is substantially the same for both materials. The reason is 

that most of the light is absorbed within the short escape depth (a 

few hundred angstroms) associated with positive electron affinity 

materials. 
2. The threshold wavelength of curve (b) is longer than that of (a) 

because, for equal Eo, the threshold photon energy of curve (a) is 

greater than that of (b) by the energy corresponding to the electron 
affinity EA. 

3. The most important difference between curves (a) and (b) is that 
with increasing wavelength, the QE of the NEA cathode remains 
high until close to the threshold, and therefore is far superior to 

that of the conventional cathode in the threshold region. The 
reason is that the light absorption decreases with increasing wave- 

length, with the result that an ever increasing fraction of the 
photoelectrons are produced beyond the escape depth of positive - 
electron -affinity emitters, whereas practically all the light is still 
absorbed within the escape depth of the NEA material. 

In addition to QE and threshold wavelength, the amount of 
thermionic emission of a photocathode at room temperature (dark 
current) also affects the usefulness of the photoemissive device. 

(Thermionic emission can be eliminated by cooling, but cooling is 

usually inconvenient.) An important advantage of the NEA III -V 

compound emitters is that they have lower thermionic emission at 
room temperature than do conventional cathodes with comparable 
threshold wavelength. The factors determining the thermionic emis- 
sion of III -V emitters have been discussed by Bell.' It should be 

emphasized that low thermionic emission cannot be an inherent char- 
acteristic of NEA cathodes, because the thermionic emission of NEA 
Si cathodes" is many orders of magnitude higher than that of the 
III -V materials. 

To illustrate the effect of NEA on secondary electron emission, 
typical gain versus primary -electron -energy (Er) curves for conven- 
tional and NEA materials are shown in Fíg. 3. To emphasize the 
basic difference, it is assumed that both materials have the same 
"intrinsic" gain factor, i.e., that at low primary energies they require 
the same EP value for the production of one secondary electron. 
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With increasing Ep, the secondaries are produced at an increasing 
distance from the vacuum interface; hence the number of emitted 
electrons depends on the escape depth. Because NEA materials have 
a longer escape depth, curve (b) increases linearly with Ep up to high 
values of Ep, whereas the gain of conventional materials, curve (a), 
begins to drop at \clues where too many electrons are produced 
beyond the relatively shorter escape depth. 

Ep 

Fig. 3-Schematic plot of gain (S) versus primary energy ED for (a) con- 
ventional and (b) NEA secondary electron emitter. 

It is important to note that, at low primary energies (up to about 
300 eV) the NEA materials have no advantage over conventional 
secondary emitters for the same reason that NEA photocathodes have 
no advantage at short wavelengths. In both types of emitter, the 
superiority of the NEA material manifests itself only when the 
electrons are produced beyond the limited escape depth associated 
with positive electron affinity. 

3. Technological Problems 

The outstanding difference between NEA and conventional electron 
emitters is that NEA emitters require the use of single crystals of 
great perfection and well -controlled doping. Imperfections of the 
crystal reduce the diffusion length of the electrons and thus reduce 
the large escape depth that is the reason for the high efficiency of 
NEA emitters. (However, as mentioned in Section 4.2, there are some 
special cases where polycrystalline NEA materials have found practical 
use.) By contrast, polycrystalline materials are quite adequate for 
conventional emitters. because the escape depth is small compared with 
the size of the microcrystals, i.e., the material is "single crystal" for 
the electrons produced within a few hundred angstroms from the 
surface. The need for single crystals imposes the following limita- 
tions on the formation of NEA cathodes. 
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1. The desired III -V compound with the desired doping is generally 
grown either by \apor-" or liquid -phase's epitaxy, on a single - 
crystal substrate. These processes are inherently costly and time 
consuming when compared with the formation of conventional 
cathodes; for instance, the simple evaporation of Sb in the forma- 
tion of Cs3Sb. Attempts to produce single -crystal films of III -V 
compounds by simpler techniques, such as simultaneous or flash 
evaporation of the components or sputtering; have at the time of 
writing not produced crystals of satisfactory quality. 

2. Whereas cathodes made by evaporation techniques can be made of 
any desired size, it is difficult to make single crystals of large area. 
At present, III -V compounds are used only for emitters having 
areas in the 1 to 3 cm= range. 

3. Single crystals have a plane surface and are therefore not useable 
where the electron optics of the device requires a cured electrode. 
Evaporated films of conventional materials can, of course, be 
deposited on a substrate of any desired shape. 

4. Conventional cathodes can be formed entirely in high vacuum. For 
instance, Cs3Sb is made by evaporating Sb in the vacuum of the 
final device and then exposing it to Cs vapor. It is virtually 
impossible to do the Cs -activation of III -V single crystals without 
exposing the crystal to air between removal from the growth 
equipment andmounting in the device. The exposure to air con- 
taminates the surface; hence an additional process is required to 
clean the crystal in the final vacuum. In the early work,20 this was 
accomplished by Ilea\ ing the crystal in \ acuum, but by this method 
only very small area surfaces can be obtained, and the procedure 
is not practical in complex tubes. Cleaning is now usually ac- 
complished by the simpler method of heating the crystal to a 
temperature close to the decomposition temperature of the III -V 
compound. Several problems are associated with this heat treat- 
ment, which is done by radiation, by electron bombardment, or by 
resistance heating. In all three cases, great care must be taken 
that the heating be uniform over the whole area because the 
temperature is critical. Moreover, accurate temperature measure- 
ment is not easy. An infrared pyrometer is generally used, but, to 
obtain reliable results, the emissivity of the material must be 
known or, at least, must be reproducible from crystal to crystal. 

5. Probably the greatest obstacle to the general use of NEA emitters 
up to the present has been the difficulty of making semitransparent 
cathodes that can be used «ith light incident from the substrate 
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side. This requirement is almost essential for all imaging devices, 
such as image tubes and television camera tubes, and is easily 
accomplished with conventional cathodes by simply evaporating the 
base material (such as Sb for the formation of Cs3Sb) to the 
required thickness. The best solution for making semitransparent 
III -V cathodes would be epitaxial growth on a transparent sub- 
strate, such as quartz or sapphire. Attempts in this direction, 
however, have so far been unsuccessful." At present, best results 
for long -wavelength response are obtained by growing a thin film 
of the desired compound epitaxially on a relatively thick substrate 
consisting of a single -crystal III -V compound with a lattice con- 
stant similar to that of the cathode but with a larger bandgap. 
This substrate then acts as a "window" in that it absorbs only 
shorter wavelength light, but permits the long wavelength light to 
be absorbed in the NEA material. 
The above problems arising from the requirement for single - 

crystal materials are not completely solved, but sufficient progress has 
been made to allow the use of III -V emitters -in the practical devices 
described below. 

4. Practical NEA Electron Emitters 

4.1 Introduction 

It is generally found that the photoemissive sensitivity of cesium - 
oxygen activated III -V compounds decreases with decreasing bandgap 
energy Ea, especially near the threshold wavelength. Qualitatively, 
this agrees with expectation, because, if one assumes that the work 
function does not vary substantially from compound to compound, the 
magnitude of the effective negative electron affinity will decrease with 
decreasing Eo (see Fig. 1). Lower NEA causes lower escape probabil- 
ity of the electrons. The ultimate limit to the reduction of Eo is, of 
course, set by the fact that Ea must be greater than the work function 
to make NEA possible. 

The greater escape probability at larger Eo values has practical 
consequences for both photoemission and secondary emission. For 
photoemission, it means that increased threshold wavelength (lower 
Eo) is generally obtained at the expense of reduced quantum efficiency. 
Hence, for any specific application, the III -V compound having the 
largest bandgap compatible with the desired threshold wavelength 
should be used. However, because the energy of the exciting photons 
is below 2 eV for most applications, only III -V compounds with band - 
gaps well below 2 eV are of practical interest. On the other hand, in 
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secondary emission, the primary electron can be given any desired 
energy up to many hundreds of eV; hence, the slightly higher primary 
energy required to produce a secondary electron from a material with 
larger bandgap is more than compensated by the greater escape 
probability associated with the larger bandgap. 

4.2 NEA Materials for Secondary Electron Emission 

Cesium -activated GaP (Eo = 2.3 eV) was the first NEA III -V com- 
pound to be used in a practical device21 because-as discussed above- 
this material has higher escape probability than the smaller-bandgap 
materials required for photoemission. For Cs -activated single -crystal 
GaP, Simon and Williams" reported gain factors that increase linearly 
with primary electron energy in accordance with Fig. 3. The high 
gain obtainable with GaP is particularly valuable when applied to the 
first dynode of a photomultiplier. If the gain of the first dynode 
exceeds approximately 30 (as compared with gain values of approxi- 
mately 5 for previously used conventional materials), the photomulti- 
plier becomes more useful at extremely low light levels (as encountered, 
for instance, in scintillation counters for very low energy radiation), 
because it is able to discriminate single, double, and up to five or more 
photoelectron events.12"5 Moreover, the high -gain first dynode improves 
the signal-to-noise ratio of the tube. The high gain also ensures that 
every photoelectron emitted by the cathode contributes to the signal 
output, because the statistical probability that a primary photoelectron 
produces zero secondary electrons becomes neglible. 

For optimum electron -optical performance, the first dynode of a 
photomultiplier should be curved rather than flat. This requirement 
would be a considerable handicap if single -crystal GaP had to be used, 
but experience has shown that polycrystalline GaP, deposited from the 
vapor phase onto a suitably shaped metal substrate (tungsten or 
molybdenum), is quite satisfactory for use on dynodes. The reason 
can be seen in Fig. 4. As expected, the escape depth of polycrystalline 
GaP is smaller than that of single crystals; therefore, the gain-versus- 
Ep curve falls below the straight line as Ep approaches 100 eV. How- 
ever, the overall performance of the photomultiplier does not ,improve 
substantially for first -stage gains above 40 to 50, and Fig. 4 shows 
that, at the E, values corresponding to these gains, the curve for poly- 
crystalline GaP is only slightly below that for single -crystal GaP. 

Additional improvement in the performance of the photomultiplier 
is obtained if all the conventional dynodes are replaced by GaP 
dynodes. Thus, a five -stage GaP tube is superior to conventional 10 to 
14 stage tubes in speed of response, not only because of the smaller 
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number of stages but also because the higher inter -stage voltage at a 
given total applied voltage reduces the time of flight between suc- 
cessive stages."'" 
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Fig. 4-8 versus E, plot (a) for single -crystal and (b) for polycrystalline 
GaP. 
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GaP dynodes can be combined with different photocathodes, depend- 
ing on the application. To give some examples, bialkali cathodes are 
used for scintillation and Cerenkov counters." S-20 cathodes have 
been used for such projects as laser ranging to the moon." Bialkali 
cathodes in combination with five GaP dynodes are of great value in 
high-energy physics. 

4.3 NEA Materials for Photoemission 

In addition to their superiority over conventional photocathodes in 
performance, NEA III -V cathodes have the advantage that, within 
wide limits, any desired bandgap energy, and hence threshold wave- 
length, can be produced by using the appropriate composition of 
ternary materials, such as (Ga,In)As, In(As,P), Ga(As,P), etc. As 
was pointed out in Section 4.1, the photoelectric efficiency decreases 
with decreasing bandgap. As a result, Ga(As,P) (Eo > 1.4 eV) is 
easier to activate than GaAs (Ea 1.4 eV), and GaAs, in turn, is 
easier to activate than (Ga,In)As and In(As,P) (E0 < 1.4 eV). In 
the following, practical cathodes will be discussed in the sequence of 
decreasing EG values. 

RCA Review Vol. 34 March 1973 103 



(a) Ga(As,i6P.25) 

In the case of conventional cathodes, the Cs3Sb cathode is inferior 
in every respect to some of the more recently developed complex alkali 
antimonides, but, because of its lower cost, it is still widely used in 

applications where optimum performance is not essential. Similarly, 
there are applications where the Ga(As,75P.25) cathode (Eo = 1.7 eV) 
is used because it has economic ads antages over the GaAs cathode, 
although it has lower long -wavelength response. 
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Fig. 5-Quantum efficiency versus wavelength for (a) single -crystal and 
(b) polycrystalline Ga(As.nP.. ). 

The spectral response curve of a single -crystal Ga(As.75P.05) 

cathode is shown in curve (a) of Fig. 5. In the reflecting (as distinct 
from the semitransparent) mode, this cathode is superior to any con- 

ventional cathode covering the same range. Curve (b) shows the 
response of the same material in polycrystalline form. As was dis- 
cussed in connection with the polycrystalline GaP dynode, polycrystal- 
linity reduces the escape depth and therefore reduces the response to 

the less efficiently absorbed long wavelengths. In practice, the poly- 

crystalline cathode has found more widespread use than the single - 
crystal material because it is less costly and can more readily be 

formed on large areas and on electrodes of any desired shape. 
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Photomultipliers incorporating Ga(As.75P.05) cathodes22 are char- 
acterized by high quantum efficiency over the whole visible spectrum 
and extremely low thermionic emission at room temperature (<1016 
A/cm2). The main application is in the field of spectroscopy for 
instruments where infrared response is not required. 
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Fig. 6-Quantum efficiency versus wavelength for GaAs (a) under optimum 
conditions and (b) as typically obtained in photomultipliers. 

(b) GaAs 

At the present time, single -crystal GaAs is the most widely used 
of all the NEA III -V photocathodes because it has higher response 
above 7000 A and a flatter response throughout the spectrum than any 
other cathode. Fig. 6 shows typical response curves. Curve (a) repre- 
sents the best performance that has been obtained in simple experi- 
mental tubes (about 1500 µA/1m). In photomultipliers, the sensitivity 
is usually lower, but sensitivities above 800 µA/lm, corresponding to 
curve (b), and up to 1200 µA/lm are now frequently achieved. 

The superiority of the GaAs cathode over previously used materials 
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may be illustrated by a few examples. In many spectroscopic instru- 
ments, response over the whole visible and near -infrared regions is 
required. In the past, two photomultipliers had to be used, one for 
the blue and one for the red and infrared region. The use of a single 
GaAs tube greatly simplifies operation. Additional advantages in this 
application are the flat response throughout the spectral range and 
the very low dark current, which is not obtainable with the previously 
used infrared -sensitive cathodes. The high infrared response of GaAs, 
combined, again, with the low dark current, has been found to be 
particularly useful for Raman spectroscopy.' Astronomy has also bene- 
fited from the use of GaAs tubes, especially in the study of weak stars.` 

For the above -mentioned applications, photomultipliers with cath- 
odes operating in the reflection mode are quite adequate. The pro- 
cessing of semitransparent GaAs cathodes is only just emerging from 
the developmental stage, but an image tube with a thin GaAs cathode« 
has given promising results. The Ga 1s film is grown on a GaP- 
Ga(As,P) substrate that absorbs the inc'dent light of wavelengths 
below approximately 6500 A, i.e., the cathode is only useful for the red 
and infrared regions. Even at long wavelengths, the sensitivity is still 
well below that obtained with GaAs cathodes in photomultipliers, but 
it begins to outperform the conventionally used S-20 cathode. 

(c) (Ga,In)As 

As was mentioned before, (Ga,In)As compounds, because of their 
lower Ea, are more difficult to activate than GaAs and these difficulties 
increase with increasing indium content (decreasing Eo). However, 
there are many applications where the longer threshold wavelengths 
of the ternary compounds are essential. Two specific examples are (1) 
the detection of the wavelengths emitted by the GaAs laser, which are just beyond the threshold of the GaAs cathode, and (2) the detection 
of the Nd-YAG laser radiation at 1.06 µm. 

For the former, an indium content of only 6% (Ea = 1.28 eV) is 
adequate, and photomultipliers with Ga.94In.0GAs cathodes have been 
activated successfully. For useful response at 1.06 µm, an indium con- tent of about 18% (E0 = 1.15 eV) is required. Under optimum experi- 
mental conditions, quantum efficiencies up to 3% at 1.06 gm have been 
obtained« with Ga.89In.18As, but, up to the present, sensitivities in 
photomultipliers tend to be lower. Thus, this cathode, although suc- 
cessfully used for special applications, represents a borderline case 
between "practical" and "developmental" materials. It should be noted, 
however, that even a quantum efficiency of only 0.1% at 1.06 µm is 
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higher than that of the only available alternative, the Ag-O-Cs (S-1) 
cathode, and that the dark current of the (Ga,In)As compound is much 

lower at room temperature. 
In Fig. 7, typical curves are shown for compounds with 6% and 

1,8% indium content, respectively. It is evident that, as expected, the 
smaller bandgap increases the threshold wavelength, but at the same 

time the associated lower escape probability, for the reasons discussed 
in Section 4.1, reduces the efficiency, especially in the region adjacent 
to the threshold. 
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Fig. 7-Quantum efficiency versus wavelength under optimum conditions 
in sealed -off tubes for (a) GaAs, (b) (Ga..,In.,,)As, and (c) 
(Ga.2In.1,3) As. 

(d) Developmental Cathodes 

The preceding discussion shows that there are two main require- 
ments for extending the use of NEA III -V emitters. (1) In order to 
obtain higher infrared response, crystal growth and processing of 
ternary compounds with Ea < 1.4 eV must be further improved. (2) 
Better methods must be developed for growing and activating semi- 
transparent cathodes of GaAs as well as of ternary compounds. 
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A detailed discussion of the experimental work on these problems 
is not within the scope of this paper, but a brief summary of the 
materials that are under study in various laboratories, together with 
relevant references, may be useful. 

With regard to crystal growth, good results for both GaAs and 
ternary III -V compounds of varying qualitative and quantitative 
composition have been obtained by using epitaxial growth from either 
the vapor" or the liquid phase." Most of the work on (Ga,In)As has 
been done with crystals grown from the vapor phase,' whereas In(As,P) 
has been made predominantly by liquid -phase growth.10 A more recent 
development is the use of the quaternary compounds InGaAsP, also 
grown from the liquid phase.' One of the major problems with all these 
materials is to adapt activation methods that work well under optimized 
experimental conditions in ultra -high vacuum to the processing used in 
the manufacture of photomultipliers and other devices. 

In the formation of semitransparent cathodes, additional difficulties 
are encountered because crystallographically matching substrates are 
required. Moreover, the thickness of both substrate and cathode film 
must be carefully controlled to obtain optimum sensitivity and good 
uniformity. This problem does not arise with reflecting cathodes be- 
cause, above a minimum thickness, sensitivity and uniformity are 
independent of thickness. 

(e) Stability of III -V Electron Emitters 

The stability of an electron emitter is determined by a complex 
combination of variables." To begin with, one must distinguish be- 
tween "shelf life" and "operational" stability. An essential require- 
ment for good shelf -life stability is, of course, that the vacuum and 
activation techniques employed eliminate the possibility of chemical 
contamination after the device is removed from the pump system. In 
Cs -activated devices, it is also important that a Cs equilibrium be 
established such that the finite Cs vapor pressure of the emitter does 
not lead to a gradual loss of Cs from the cathode and, hence, a change 
in emission characteristics. During operation of the device, additional 
causes of instability arise. Probably the most important is the bom- 
bardment of the emitter by positive ions when the device is operated 
at high voltage. The ions have their origin either in unavoidable 
traces of residual gas and/or in gas released by electron bombardment 
from electrodes that are at high potential with respect to the electron 
emitter. In this case, the effect on the emitter will obviously increase 
with the amount of current taken from the deg ice. 

Of the materials described in this paper, the GaP dynode material 
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and the Ga(As.75P..,5) photocathode. when operated in photomultipliers, 
are at least as stable in performance as conventional cathode and 

dynode materials. The shelf -life stability of GaAs and (Ga,In)As is 

also satisfactory but operational life in photomultipliers is lower. For 
example, at present the maximum permissible output current over long 

periods of time is 0.1 µA as compared with 10 to 100 µA for conven- 

tional materials. In practice this limitation is, fortunately, relatively 

minor, because in most applications the currents involved are much 

lower and are drawn only for short periods. The operational stability 
of the GaAs cathode has been substantially improved during the short 
period of 2 years since it was first used, and there ,is reason to'believe 
that, with further refinements in the formation process, it will even- 

tually approach that of conventional cathodes. 
In general, it appears that the stability decreases in the sequence 

GaP-GaAs-(Ga,In)As, i.e., with decreasing bandgap energy. The rea- 

son for this decrease may be that the Cs vapor pressure of the mater- 

ials (which has not been measured so far) increases with decreasing 
bandgap. Furthermore, minor changes in the surface characteristics 
are likely to be much more critical at the smaller NEA values asso- 

ciated with lower Eo. 

5. Summary 

Photoemissive and secondary electron emitting III -V compounds are 
superior to conventional electron emitter materials in most character- 
istics. Their use in practical applications has been held back by the 
more difficult and hence more costly technology for making the cathode 
materials. These difficulties include the necessity of using single 
crystals, the unavoidable exposure to air before cesium activation, the 
special problems encountered in making semitransparent cathodes, and 
some problems of operational stability. Despite these difficulties, III -V 

electron emitters of many different compositions are now in practical 
use and progress is being made in transferring new materials from 
the experimental to the practical stage. The most important applica- 
tions are the following. 

GaP is used as the secondary electron emitter for photomultiplier 
dynodes. The high gain factor in the first stage has enhanced the 
resolution at very low light levels, and the use of GaP in all stages has 
increased the speed of response and the time resolution. 

GaAsP (approx. 75% As content) is used as a very stable photo- 
cathode with high response throughout the visible spectrum and ex- 

tremely low thermionic emission at room temperature. 
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GaAs is used as a photocathode with uniformly high response from 
the UV up to approximately 9000 A. Photomultipliers with this cathode 
have found widespread use in spectroscopy and similar applications 
because they are superior to previously available cathodes in at least 
three respects: (1) the quantum yield is higher, (2) the quantum 
yield is more uniform, and (3) the spectral response covers a range 
that prev iously required the use of two tubes with different cathode 
materials. The operational stability of GaAs cathodes is still inferior 
to that of conventional cathodes, but sufficient for spectroscopic ap- 
plications where excessive light let els are never encountered. Im- 
proved stability and higher sensitivity for semitransparent cathodes 
are in the process of development and will further extend the useful- 
ness of GaAs cathodes. 

GalnAs photocathodes have the great advantage of longer threshold 
wavelength, but the activation and stability problems increase with 
increasing In content. Photomultipliers with GalnAs (6% In) are now 
becoming available. Although this small In content extends the thresh- 
old by only a few hundreds angstroms, this material is useful because 
it is sensitive to the radiation of the GaAs laser. 
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Magnetoelectric Printing 

E. C. Giaimo, Jr. 

RCA Laboratories, Princeton, N. J. 

Abstract-Magnetoelectric printing has successfully yielded good quality prints. 
the method uses the principle of counter -balanced forces on the toning 
material. The toning materials (iron, nickel, cobalt, etc.) can be acted 
upon simultaneously by both electric and magnetic fields. Light is 
used to modify the electric fields holding the toner to a charged photo- 
conductive "surface" so that an applied concurrent magnetic field 
can physically remove the toner particles in areas where the electric 
field is reduced. The energy required to move the toner particle. is 
derived from the external magnetic field and is not obtained solely 
from the stored electric energy, as is the case in some conventional 
electrophotographic systems. 

Image -Formation Method 

Magnetoelectric printing is a method for making images in a 
uniform layer of ferromagnetic particles carried on the surface of a 
charged photoconductive layer. The ferromagnetic particles are held 
to the photoconductive surface initially by electric forces alone. The 
ferromagnetic particles are capable of being acted upon simultaneously 
by both electric and magnetic forces. If the initial electric forces are 
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counterbalanced by magnetic forces and if the electric forces can be 
modified in selected areas by shining a light image on the photo- 
conductive layer, then the magnetic forces can cause the ferromagnetic 
particles to move so that a pattern is produced in the particle layer 
which corresponds to the light image. 

Images without edge effects (both black and white and continuous 
tone) have been made in layers composed of iron, nickel, and 
cobalt particles having dimensions in the range of 5 to 20 micro- 
meters. A uniform layer of such particles can be produced on the 
surface of a photoconductive layer by first charging the photoconductor 
with a corona discharge in air from fine wires or points connected to 
a high -voltage power supply (3 to 10 kV) and then cascading a mass 
of the ferromagnetic particles over the corona -exposed surface. Good 
prints have been obtained on a particulate photoconductor-resin layer 

' where the photoconductive crystallites were about 0.3 micrometer 
average diameter zinc oxide crystals. Such layers are commonly used 
as coatings for electrophotographic papers. 

Scanning electron micrographs of the particulate zinc oxide-resin 
layers reveal the surface to be highly nonplanar and composed of a 
random distribution of photoconductor crystallites, insulating resin 
regions, cavities, and voids. Such a configuration on the microscopic 
scale of the 5 to 20 micrometer ferromagnetic particles should give 
rise to highly nonuniform electric field patterns at the "surface" of 
the photoconductive layer from one microscopic region to another. 
The fact that conductive iron, nickel, and cobalt powders adhere to 
the charged surface as they cascade over ü as a loose stream of 
disconnected particles poured from an insulated polyethylene, glass, 
or grounded -metal container indicates that both positive and negative 
regions exist in the surface and that the particles become attached 
to one or the other of these regions without conductively connecting 
them. If intimate contact were to occur, current would flow through 
the conductive particles and thus provide discharge paths between 
such regions. If such discharge occurred, the conductive particles 
would fall off by gravity, for the electric fields introduced during 
corona charging would no longer exist. 

The foregoing implies then that the charged regions introduced by 
corona charging are for the most part inaccessible to the conductive 
ferromagnetic material. When one also introduces the scanning elec- 
tron microphotographic data rinto this framework, it is easily con- 
ceivable that the charged inaccessible regions are regions other than 
the high projections of the layer where conductive particles can 
contact and upon which they come to rest. 
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In order to determine the charge on the metal particles, a layer 

composed of photoconductive zinc oxide and resin was charged with 

a negative corona discharge on the photoconductive side and a positive 

corona discharge was simultaneously directed on the opposite side of 

its supporting paper substrate. A uniform layer of 5 -micrometer iron 

was deposited on the photoconductive layer by passing the photo- 

conductive strip through a trough containing the iron particles. A 

small region (1/4 inch diameter area) was illuminated and the magnetic 

particles that were ejected when a magnetic field was applied were 

caught in a shielded metal container. The polarity of the collected 

particles was measured with an electrostatic voltmeter by measuring 

the charge on the metal receptacle containing the ejected particles. 

It was found they had a net positive charge. This appears to indicate 

that the conductive particles contacted positive regions and that the 

negatively charged regions were not accessible to the metal particles. 

Further, the conductive particles would also obtain a positive charge 

if they were inductively charged by momentarily being connected to 

earth while in the vicinity of a negatively charged body and they 

would then be attracted to the negative region. 

When such particles are poured over the charged photoconductive 

layer, the microscopic structural details of the resulting ferromagnetic 
particle layer is dictated primarily by the local electric fields. These 

fields exist within the particle mass, between the conductive particle 

mass and the photoconductor -resin layer, and between one region of 

the photoconductor -resin layer and another. The particle layer struc- 

tural details are not those the particles would assume in an externally 

applied magnetic field. Therefore, if the ferromagnetic particle layer 

first established by the electric fields is subsequently subjected to a 

magnetic field, the magnitude and orientation of which cannot ap- 

preciably modify the structure established by the electric fields, the 

particle layer will be stable. On the other hand, since the electric 

fields at the surface of the photoconductive layer can be modified 

with light, then one is able to create structural instabilities within 
the ferromagnetic particle layer by shining light on the photocon- 

ductive layer while impressing an appropriate magnetic field on the 

ferromagnetic layer. The resulting particle instabilities caused by 

changes ,in the electric forces can be made sufficiently large to cause 

the magnetic particles to leave the layer region, thus generating a 

pattern within the ferromagnetic particle layer corresponding to the 

light image impressed on the photoconductive layer. 

As the electric forces on the ferromagnetic particles decrease dur- 
ing illumination of the photoconductive layer, the local anisotropy of 
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the particle mass covering the illuminated region varies as the light 
exposure proceeds. The magnetic particles line up along field lines and 
form chain -like structures extending in the direction of the nearest 
magnetic pole or toward a region of increasing magnetic flux density. 
Gyromagnetic effects also appear to be present during rapid transitions 
in the magnetic field when it is applied and removed or when the 
magnetic field is applied in a series of pulses, thus giving rise to 
particle motion and torques. 

The energy utilized to create changes in the magnetic particle layer 
is derived from the magnetic field and not solely from the electric 
fields existing in the photoconductive layer. Lr normal electrophoto- 
graphic systems using electroscopic toner particles, the energy needed 
for image development is derived solely from that stored in the 
photoconductive layer during the electric charging of it and from 
that which remains after exposure to light. In the magnetoelectric 
case, the work done on the particles is that resulting from the net 
force on the particles that is magnetic. That the particles come off 
with a net positive charge indicates that work is being done mag- 
netically to overcome the electric forces trying to retain the particles 
to the surface. This effect is also exemplified by the fact that a visible 
image is not produced in the magnetic particle layer if the magnetic 
field is not applied. 

Experimental Processor 

To implement the magnetoelectric image formation method described, 
the processor shown in Fig. 1 was designed and constructed. Move- 
able -air -cored coils were chosen for the experimental device, because 
of the ease with which the magnetic field can be adjusted with coils 
as compared to a permanent magnet structure. The air -cored coils 
also provide means for viewing image formation and the ferromag- 
netic particle motion during the exposuie and processing. In the 
processor the following steps are performed in the order listed: 

[1] The photoconductive layer, carried on a paper substrate strip, is 
passed through a high -voltage double -corona charge unit. 

[2] A uniform layer of ferromagnetic particles is applied to the 
charged photoconductor from a 'Is edged shaped trough contain- 
ing the particles. 

[3] An optical image is projected on the rear side of the photocon- 
ductive layer, and, either concurrent with or immediately sub- 
sequent to the exposure, a pulse magnetic field is applied. The 
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density of particles is reduced in the particle layer adjacent to 
the illuminated areas by the action of the impressed magnetic 
field. 

The processor was designed for experimental modification and 
flexibility. It consists of several main parts including a supply roll 

carrying a strip of photoconductive paper, a trough containing a mass 
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Fig. 1-Experimental magnetoelectric image processor. 

, I 

of magnetic toner particles, means for guiding and moving a photo- 
conductive strip along a predetermined path, a pair of air -cored coils, 
and a timed variable power source for energizing the coils to produce 
a controlled pulsed magnetic field. The magnetic field can be controlled 
with respect to magnitude, time of application, and time duration. The 
position of the coils with respect to the photoconductive strip passing 
between them is adjustable. Image exposure of the photoconductive 
strip is done using a timed projector; a positive transparency or other 
exposure means can also be used. 

Fig. 1 is an overall view of the apparatus, and Fig. 2 is a close-up 
photograph of the output copy on the paper strip as it emerges from 
between the coils. Fig. 3 is a close-up photograph of the double corona 
charger and the toning trough. The picture shows charged paper 
entering the trough, and the strip, uniformly coated with the ferro- 
magnetic particles, leaving the trough. The particles are prevented 
from leaking out of the bottom of the trough by a magnetic seal con - 
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i. 

Fig. 2-Closeup of output copy on paper strip. 
- r r-.... 

If r 

Fig. 3-Closeup of double -corona charger and toning trough. 
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sisting of two magnetic strips, one on each side of the lower end of 

the opening through which the paper enters the trough. 

The magnet coils were wound with #17 copper wire insulated with 

H.D. Formex. The winding cross section is 1.4 X 1.4 inches for each 

coil. The coils have a resistance of 5.7 ohms and an inductance of ap- 

proximately 80 mh. The coil turns are approximately 700 per coil. 

The coils were energized from full -wave rectified 60 Hz at between 
70 and 100 volts peak voltage. 
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Fig. 4-Schematic diagram of experimental power supply. 

The experimental power supply is shown in Figs. 1 and 4. An 

SCR and solid-state timer is used to control the time of application 
and the duration of the current applied to the coils. Typically the 
coils are energized for approximately 1/2 second at the end of the light - 
exposure interval. Light exposures through the paper substrate are 
similar to those used for conventional electrophotography. 

Fig. 5 shows typical copy made with the experimental device show- 

ing continuous -tone and large -area fill-in lacking edge effects. The 

continuous tone prints were made using nickel powder (Fig. 5(a) and 
(b)) and the black -and -white print was made with iron powder (Fig, 
5(c)) . The prints were fixed with a clear lacquer spray applied in the 
dark and immediately after the prints were formed. Other methods of 
fixing, such as heat or solvent, might be applicable to other magnetic 
toners than the metal powders used for the prints .of _Fig. 5. 
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Conclusions 

Magnetoelectric printing method provides a means for coupling energy 
to the toner particles without physically contacting the photosensitive 
medium. Various techniques utilizing electric fields have been pro- 
posed that require contact to the photoconductive layer and that the 
substrate upon which the photosensitive layer is coated have high 
conductivity. In some schemes conductive transparent electrodes have 
also been used. The magnetic coupling to the toner can be accomplished 
at large distances as compared to the close spacings required of 
external electric -field coupling methods of altering or enhancing de- 
velopment and toner motion. 
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Fig. 5-Typical copy made from experimental device: (a) and (b) con- 
tinuous tone prints using nickel powder and (c) black -and -white 
print using iron powder. 
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In addition, the magnetoelectric method has given prints with 
large filled -in areas lacking edge effects and with good continuous -tone 
capabilities. The application of the basic method to color printing has 
been experimentally pursued but will not be elaborated upon at this 
time. 

Since the prints shown in Fig. 5 are composed of metallic con- 
ductive magnetic particles, various image readout and reproduction 
methods utilizing these toner properties are possible, such as magnetic 
head reading. 

The magnetoelectric printing method has several advantages. It 
is dry. Unfixed images can be stored for long periods on the in- 
expensive photoconductive layer. The unfixed images can be easily 
erased using the same magnetic -field -generating means employed for 
forming the image. Erasure is accomplished by reenergizing the 
coils if the electric field has decayed sufficiently with time or the 
unfixed image can be flood lighted to cause complete decay of the 
electric field. It has been found that the photoconductor can be 
repeatedly used after magnetic erasure of the unfixed images. 

The fixed or unfixed images can be used as intermediates for 
optical print out on a less sensitive print-out medium. A magneto - 
electric unfixed print on a transparent photoconductive layer has been 
printed out on an inexpensive low -sensitivity photochromic material. 
The transparent layer could then be erased and reused. The unfixed 
transparencies can also be projected for display by appropriate flood- 
lighting. 
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The Bivicont Camera Tube-A New Double Vidicon 

R. L. Spalding, S. A. Ochs, and E. Luedicke* 

RCA Electronic Components, Lancaster, Pennsylvania 

Abstract-The RCA Bivicon television camera tube, a 11/2 inch vidicon with two 
separate guns and targets, was developed for use in two -frame color 
systems. Its special features include a non -parallel twin -gun structure, 
a novel mesh -support design, and a faceplate with a double target 
structure and embedded signal contact buttons. The Bivicon produces 
excellent color signals with the Holotapet system. It can also be used 
In film chains, live pickup television cameras, and in a variety of other 
schemes based on a two -frame television system. 

Introduction 

Several methods have been developed for generating color -television 
signals by means of two separate camera tubes. In the RCA Holotape 
video playback system, for instance, two optical frames are imaged 
onto the two vidicon targets for each single television frame of the 
output color signal. The two input frames are in monochrome, one 

* RCA Laboratories, Princeton, N.J. 
t Registered trade name of RCA. 
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containing the luminance portion of the television signal, while the 
other frame contains all the information necessary for generating 
the chrominance portion! Such a system requires excellent registry, 
i.e., spatial alignment, between the two scanned rasters so that the 
two simultaneous signals will be accurately in phase with each other. 
This requirement suggests that several advantages can be gained 
from combining the two tubes within a single enevelope: 

(1) The relative position of the two sets of components of a double 
tube is established within its structure. If the tube has been 
properly designed as to rigidity and thermal stability, only the 
initial mechanical adjustment is needed for obtaining the re- 
quired superposition of the output signals. 

(2) A smaller and lower -cost camera results because the double tube 
can be operated in a single focus coil and deflection yoke. 

(3) With the two camera -tube targets located on the same faceplate, 
the two optical images can be positioned close together, which can 
lead to considerable simplification of the camera optics. For 
instance, it would be possible to operate with a single lens. 

f 

°, ¡;_ 

Fig. 1-Bivicon camera tube. 
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A double vidicon, of course, is only useful if it yields a satisfactory 
degree of coincidence of the two output signals and if it is economic- 
ally practical. These conditions are satisfied by the Bivicon camera 
tube' (developmental type C23244), which is described in this paper. 
Its external appearance is shown in Fig. 1. The following sections 
discuss the special design features and the performance of this tube. 

Design 

One of the design goals was to produce a tube that can achieve a 
color signal comparable to that obtained from two one -inch vidicons. 
This goal suggested that each of the two rasters have the same dimen- 
sions as that used with the one -inch tube, i.e., 0.50 x 0.375 inch. With 
a small separation between the scanned regions, the total area required 
for the two rasters then became 0.50 x 0.875 inch, requiring a diagonal 
of slightly more than one inch. An outside diameter of 1.5 inch there- 
fore was chosen for the tube. In order to achieve satisfactory resolu- 
tion performance, it was decided to base the electro -optical system on 
that of the 8521 vidicon, a 1.5 -inch -diameter vidicon of high resolution 
capability. This decision implied the use of magnetic focus and 
deflection and the inclusion of a separately connected mesh electrode 
near the two signal plates. 

Because the two electron optical systems should yield identical 
scanned rasters, they were placed in symmetrical locations relative to 
the tube axis. For proper performance, as well as in the interest of 
economy, the tube has several unusual features which are described 
below. 

Envelope 

In order to minimize parts costs, it was decided to use soft (potash 
soda lead) glass for the envelope of the tube instead of the usual 
hard (borosilicate) glass. Use of soft glass not only reduces the 
envelope cost, but also permits the use of an inexpensive stem (the 
lower end of the envelope, which contains the contact pins and the 
exhaust tubulation) used in large quantities in the manufacture of 
picture tubes. Since the faceplate is attached to the envelope by an 
indium seal, as used in other vidicons, the decision to make the 
envelope of soft glass did not affect the choice of glass for the 
faceplate. 
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Guns 

The guns developed for the Bivicon, shown in Fig. 2, have a "triode" 
arrangement, similar in concept to that of most vidicons, but their 
actual construction is based on that of the gun used tin the RCA small - 
neck 110° -deflection -angle color picture tubes. This design was chosen 
because of its adaptability to large -quantity production. Fig. 3 is a 
sketch of one of the two (identical) guns developed for the Bivicon 
tube. Each gun consists of a cathode structure, a control (G1) grid, 
an accelerator (G2) assembly, and a focus (G3) cylinder. These 
electrodes are held in place by two glass beads. This arrangement 
avoids the need for a brazed cathode-G1 assembly, as is used in most 
other camera -tube and picture -tube guns. 

1 
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Fig. 2-Double-gun for Bivicon tube. 

A special feature of the electron gun is the method by which the 
limiting aperture (indicated in Fig. 3) is mounted within the G2 
electrode. When the gun is in operation. a cone -shaped stream of 
electrons issues from this aperture and is then focused, through the 
action of the electro -optical system of the tube and magnetic focus 
field, into a minute spot that scans the photoconductive target. If the 
aperture, whose diameter is 0.0015 inch, is off the gun axis by more 
than 0.0001 or 0.0002 inch, there will be an 'appreciable 'loss of resolv- 
ing power of the beam and of its ability to properly discharge the 
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charge pattern stored on the photoconductor. A technique was there- 
fore developed that results in accurate centering of the limiting aper- 
ture and is well suited to the mass production of tubes. 

The two electron guns are mounted on either side of, and symmetri- 
cally with respect to, the tube axis. However, they are not parallel to 
the axis or to each other. To understand the actual location and 
orientation chosen for the guns, consider the path followed by an 
electron that starts from a source at a distance from the tube axis 
with an initial velocity parallel to this axis. An analysis of the motion 
of this electron shows that, with no deflection field applied, the 
electron arrives at the target (1) closer to the tube axis than the 
radial distance of its starting point, (2) in a different axial plane 
(i.e., at a different azimuthal angle) than that of its source, and (3) 
at an oblique angle of incidence. 
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Fig. 3-Sketch of one of two Bivicon guns. 

The first of these three items can be accommodated readily by 
determining the proper distance of the electron source (i.e., of the 
limiting aperture of the gun) from the tube axis, so as to yield the 
desired separation of the two electron spots on the target. Similarly, 
the second item results in an angle of rotation between the line joining 
the two limiting apertures and the common center line of the two 
scanned rasters that can be computed and measured. It is then taken 
into account by a suitable angular rotation of the electrode pattern on 

the tube faceplate relative to the position of the guns. 
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Item (3), however, cannot be dealt with quite so easily. It is 
complicated by the fact that when deflection fields are applied, the 
particular electrons considered above (those leaving the limiting 
apertures parallel to the tube axis) arrive at different angles of 
incidence depending on the amplitude and direction of the deflection 
fields at any given moment. In practice, this difference in the angle of 
incidence means that the tube would show objectionable shading if no 
correction were applied. This problem was solved by so aiming the 
two guns that the undeflected beams leave in such directions that they 
arrive at their respective targets parallel to the tube axis. When 
deflection fields are now applied so that the two electron spots scan 
their individual rasters, the angles of incidence will still \ary slightly 
from the value at raster center, causing a certain amount of shading 
towards the corners of the scanned regions. However, the magnitude 
of this effect is no greater than it is in standard camera tubes, where 
it generally is found to be acceptable. 

Upper G;, Electrode and Mesh 

In the interest of minimizing tube costs, a large portion of the G., 

electrode consists of a metallic coating on the inside wall of the glass 
envelope. This coating replaces the metal cylinder used in most other 
camera tubes that is connected to the beaded gun assembly by a 
funnel -shaped connecting piece. A considerable saving is achieved by 
eliminating the latter part, which would have a complicated shape to 
fit the double -gun structure, and the metal tubing connected to it. 
Also, due to the higher sheet resistance of the wall coating as compared 
to the resistance of a reasonably rigid metal cylinder, there is less 
loading of the deflection yoke (smaller eddy currents are induced). 
Several leaf springs are used to make contact to the wall coating at 
both ends, i.e., near the gun and near the mesh. 

At the upper end of the tube is a structure, shown in Figs. 4(a) 
and 4(b), that contains two electrically isolated sections. One part is 
the upper end of the G3 electrode and is connected to the conducting 
wall coating on the envelope. The other section consists of the mesh 
assembly. The tightly stretched nickel mesh contains 1000 lines per 
inch and is mounted parallel to the plane of the two targets. This 
arrangement, which basically is similar to that used in most camera 
tubes, provides an electrostatic lens (between G3 electrode and mesh) 
followed by a region of uniform electric decelerating field (between 
mesh and faceplate). Its function is to bend the path of the electrons 
leaving the deflection region so as to cause them to approach the target 
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as nearly perpendicular to the target plane as possible. In other tubes 
that have continuous G3 cylinders, as described above, the upper por- 
tion of the gun mount, including the mesh, is supported by the beaded 
lower gun assembly. The mesh electrode is then connected to one of 
the stem pins by a wire running the length of the tube next to the 
envelope wall. In the novel arrangement developed for the Bivicon 
tube, the mechanical support for the upper structure of the gun and 
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Fig. 4(b)-Photograph of mesh structure. 
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the electrical connection to the mesh are provided by a funnel -shaped 
ring that rests on the target end of the glass envelope and is rigidly 
secured in place by the indium faceplate -to -envelope seal. The external 
contact to the mesh is then made via the metal ring that surrounds 
the indium seal. 

Faceplate 

Fig. 5 is a view of a Bivicon faceplate as seen from the outside of 
the tube. Two conducting plugs set in the faceplate provide the ex- 
ternal signal connections. On the inner surface of the faceplate are 
two separate transparent signal electrodes covered by a common layer 
of antimony trisulfide photoconductor. Each scanned raster area is 
surrounded, on three sides, by a "frame" of evaporated aluminum to 

Ó I 2 3 

CN1J L. 

Fig. 5-Faceplate. 

minimize variations in resistance from different regions of each 

raster to the corresponding conducting plug. (In conventional camera 
tubes this requirement is taken care of by the indium seal material 
that contacts the circular signal plate along its periphery.) Each 
conducting plug contacts one of the aluminum regions on the inner 
faceplate surface. On the other end of each plug, a convex metal but- 
ton is provided for ease of making the signal connection. 
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Tube Assembly 

The stem of the tube was chosen as the basic reference for precisely 
aligning the guns, envelope, and faceplate. Thus, in mounting the 
two -gun assembly on the stem, a fixture is used that ensures accurate 
positioning of the guns relative to the tube pins. The glass envelope 
is subsequently sealed to the stem, again lined up with reference to the 
pins such that the central axis of the gun assembly coincides with 
the center line of the envelope. Finally, when the faceplate is attached 
by an indium seal to the other end of the envelope, the pins in the 
tube stem again are used to provide the reference needed for proper 
alignment of the faceplate. 

In this fashion the critical parts of the tube, such as the two guns, 
the G3 -mesh section, and the signal electrodes, are accurately posi- 
tioned in relation to each other, and the user of the tube has a ready 
reference-the pin structure-for mounting the tube properly in the 
focus coil and deflection yoke of the television camera. 

This method of tube assembly, in contrast to that used for other 
camera tubes, does not depend on optical alignment using human 
judgment. Also, it permits the use of relatively economical glass 
envelopes with reasonable wide dimensional tolerances because the 
inner envelope surface ás not used for aligning the gun mount with 
the tube axis. However, the method described above requires that 
the structure that holds the gun mount to the stem pins be sufficiently 
stiff to ensure that it will not deform when lit is handled or when it is 
inserted into the envelope. Therefore, several of the rather flexible 
stem leads that support the gun assembly were replaced with stiff 
support beams made by metal ribbons longitudinally bent so as to 
give them an L-shaped cross section. 

Performance 

In typical operation, the voltage of the signal electrodes (relative to 
the cathode) is adjusted so that the current for each target in the 
dark is 20 nA with a raster size 0.50 X 0.37 inch, an accelerating elec- 
trode voltage (E,,) of 300 V, a focus electrode voltage (Ec3) of 900 V, 
and mesh voltage (Ec4) of 1400 V. Typical target voltage is 20 to 40 V. 
The required field strength then is about 46 gauss at the center of the 
focusing coil. 

Because the photoconductor material used for the Bivicon tube is 
the same as that used for commercial vidicons such as the 8507A, 
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7735B, and 8521, the tube has essentially the same photoconductor - 
dependent performance characteristics (e.g., spectral response and 
sensitivity). 

The resolution capability of the Bivicon is shown in Fig. 6 as a 
plot of the amplitude -response characteristic for each of its two out- 
puts. The horizontal peak4o-peak response, without aperture cor- 
rection, is given for a square -wave test pattern at the center of each 
0.50 x 0.37 inch raster. The illumination is such that the high -light 
signal current is 300 nA. The abscissas sue given in terms of tele- 
vision line number (total number of black -and -white lines per raster 
height) as well as in line -pairs per millimeter. Although not shown 
in Fig. 6, the limiting resolution in the center exceeds 1000 television 
lines, while near the corners it ranges from 500 to 700 television lines. 
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Fig. 6-Horizontal square -wave response. 

When a Bivicon tube is first operated in a standard 11/2 inch focus- 
coil/deflection-yoke, the output signals from its two signal plates 
overlap, but are not registered perfectly. To obtain scan registry, 
several parameters can now be adjusted such as the electrode voltages 
and rotation of the tube in the yoke. Without much difficulty the two 
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output signals can be registered to a high degree of perfection. In a 
typical case, with the two raster center points conicident, the greatest 
discrepancy in any region of the raster will be no more than 1% of the 
raster width.' 

Conclusion 

The RCA Bivicon television camera tube was designed to perform a 
quite demanding task and yet be suitable for use in low-cost systems. 
As a result of several innovations in construction methods, materials, 
and design concepts, these goals have been attained. The initial ap- 
plication of the tube was its use in two -frame color systems, and it has 
been demonstrated to perform its function ,in this application exceed- 
ingly well. Among the other applications in which such a "two -eyed" 
camera tube might be usefully employed are stereoscopic television, 
comparators, motion detection, surveillance with periodic switching 
between objects, and simultaneous pickup using wide and narrow - 
angle lenses with fast switching between the two. 
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Applications of the Bivicon* Tube 

R. E. Flory 

RCA Laboratories, Princeton, N. J. 

Abstract-The two -beam, two -raster Bivicon camera tube has some unique 
operating characteristics. These characteristics are described, as is 

a modular camera designed for the tube. Applications for the tube 

are also described; they are divided into three categories. First, are 

those applications using pre -encoded imagery for color pictures, such 

as Holotape.* Second are those applications that require color encod- 

ing in the camera, such as cameras for film or direct pickup. A general 

discussion of color encoding is included. The third category includes 
all those applications of the Bivicon that utilize the property of two 
rasters in some way other than for color television. 

1. Introduction 

The Bívícon tube was conceived and developed for the RCA Holotape 
video playback system. In this system it was recognized that limita- 
tions of bandwidth and spatial noise in the holograms precluded the 
application of color -encoding schemes using a single image. It was 
decided that a two -image format would be used, allowing substantial 
reduction of the spatial frequency of the color -encoding structure. In 

* Registered trade name of RCA Corp. 
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color -television systems other than Ilolotape, the same performance 
limitations may lead to consideration of two -image formats. Some 
two -image formats allow luminance performance limited only by the 
camera tube, and place all color information in the second frame, on 
spatial carriers well below limits set by scanning -aperture losses and 
target -capacitance loading effects. In such cases, the use of the dual - 
raster Bivicon tube may make such a format more attractive than 
either single -image or three -image approaches. 

2. Circuit Considerations for Bivicon Cameras 

2.1 Registration 

Accuracy of registration is, of course, of prime interest, since it is 
this attribute which gives the Bivicon its advantage over two vidicons. 
Horizontal and vertical center registration are achieved by different 
means. If the two images incident on the Bivicon targets are move- 
able, this is the preferred technique, as no compromise in electron 
optical performance is necessary. Howe\ er, horizontal center registra- 
tion may be effected by rotating the tube about its long axis, inside 
of the deflection -focus coil assembly. Generally, a raster shift of 10% 
of raster width can be achieved before reaching a limit set by defined 
target areas. To assure stable horizontal registration it is necessary 
to stabilize G.r potential and focus -coil current. A change in G3 poten- 
tial of about 25 V will shift rasters by 1% of picture width. This 
shift in raster positions is noticed before defocusing takes place. Over 
a small range of horizontal movement, it is therefore possible to use 
G3 potential for electrical horizontal registration control. 

For vertical registration, adjustment of the optical image spacing 
is recommended for coarse adjustment. An electrical adjustment use- 
ful for a range of several percent is a change in the G3 -G4 potential 
difference, effected by changing Gr potential. As án any vidicon, a 
change in this potential affects the magnification of the electron optics 
near the target area, and the first -order effect is one of differential 
vertical movement. A change of 20 volts in G., potential changes 
vertical registration by about 1% of picture height. Image focus is 
not affected .if G3 is held at constant potential. The limit of several 
percent registration adjustment by this means is set by distortions of 
the rasters introduced by operating the G3 -G4 lens outside of its 
design range. 

When registered perfectly in the center, present Bivicon tubes, 
used with the recommended focus and deflection components, provide 
two -raster registration within 1.0% or less of picture width over the 
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entire raster. The character of the error is remarkably uniform over 

a large number of component assemblies and tubes made to the same 

specifications. Fig. 1 shows the registration errors in a typical Bivicon 

tube. A pair of cross -hatch test patterns was imaged on the two 
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Fig. 1-Bivicon registration errors. Numbers are magnitudes in percent 
of picture width. Arrows indicate displacement of raster 1 relative 
to raster 2. 

targets of the tube by an optical system previously proven to have 
negligible geometrical distortion. The two video outputs were super- 
imposed with the centers of the two rasters adjusted for spatial 
coincidence on the monitor. The figure shows the magnitude and 

direction of registration errors, resolved in the horizontal and vertical 
directions. Absence of data indicates that the errors were smaller 
than 0.2% of picture width. To date, little effort has been applied to 

modification of the deflection and focus components to improve regis- 
tration quality, for two reasons. First, we have been able to apply 
time -varying registration correction; this is discussed below. Second, 

for many applications the present registration quality is adequate. 
Subjective tests made in the laboratory indicate that if luminance 
information is registered accurately with chrominance information in 

the center of a picture, a gradually increasing error from center to 

edge of the picture is tolerable in a consumer product if the error at 
a circle touching raster top and bottom .is less than 1%. Errors less 

than 0.25% are tolerable at the center of the picture. The present 
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Bivicon geometry achieves this without dynamic correction and with 
0.5% stabilization of tube potentials. 

In cases where the registration quality must exceed the figures 
cited above, such as applications not registering luminance and 
chrominance, dynamic correction has been used. The easiest dynamic 
registration mechanism to understand is modulation of G4 voltage. 
Since changes in this voltage move the rasters vertically with respect 
to each other, it can be seen that vertical -registration errors in differ- 
ent parts of the raster can be corrected by application of appropriate 
time -varying voltages to G4, superimposed on the required dc potential. 
As a practical matter, the close proximity of G4 to the target restilts 
in too much capacitive coupling of these voltages to the signal plate 
to allow the use of other than vertical rate correction waveforms. As 
a consequence, the type of error correctable with G4 modulation is that 
which requires vertical displacement at a vertical rate. This type of 
error is most clearly described as a vertical size mismatch. 

Electromagnetic means are used to effect horizontal correction. 
The focus -deflection assembly used with the Bivicon includes beam - 
alignment coils. To achieve the usual translation of the beam for 
alignment purposes, these coils are connected with their fields adding. 
If the coils are connected so that the fields oppose, with flux lines 
originating parallel to a line drawn between the gun axes, the net 
result is to deflect one raster to the right, and the other to the left. 
This is shown in Fig. 2. If the guns are oriented instead in plane AA 
(see Fig. 2), it can be seen that the direction of flux is such as to 
provide differential vertical motion. Therefore, to provide dynamic 
vertical registration control, we install a second set of coils rotated 
45° about the tube axis with respect to those used for horizontal 
registration. Substantial improvement in symmetry and independence 
of adjustment of vertical registration is achieved by using a quadri- 
pole coil assembly, with all coils connected in series. 

It is possible to drive the horizontal and vertical registration coils 
with time -varying currents at both horizontal and vertical rates, re- 
sulting in a highly flexible registration system. The horizontal -regis- 
tration coils are the same ones used for beam alignment. In the 
vertical case, new coils must be added, or the G4 voltage modulation 
used instead, with the added constraint of using only vertical rate 
corrections. 

2.2 Target and Preamplifiers 

The target of the developmental type C23244 Bivicon is the standard 
RCA photoconductor, PCII.' Since each raster 'is the same size as in 
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a one -inch vidicon, the performance of the Bivicon with regard to 

sensitivity, lag, dark current, etc, is that of a standard RCA vidicon. 
A single test was made of a silicon -diode -target Bivicon, with satis- 
factory results. 

COIL I 

FLUX DUE TO 

COIL I 

FLUX DUE TO .f COIL 2 

COIL 2 

Fig. 2-Cross section of tube at alignment coil plane. 

The location of two targets in such close proximity has resulted 
in some interaction. A cross -talk mechanism exists between the two 
targets. A high -contrast image on one target, having large energy 
components in the range of 0.5 to 3 AIHz, will be evident in the video 
output from the second target. The cross talk usually takes the form 
of an outline ghost of one target's image on the other target output. 
The differentiated nature of the output suggests a capacitive coupling 
mechanism. This problem is particularly acute in applications of the 
Bivicon using a relatively low -frequency spatial color -encoding carrier 
image on one target and a luminance image on the other target. In 
this case, the luminance image is marred by the presence of coarse 
stripes cross -talking from the chrominance image. 

Capacitance between targets was measured to be 1 pF, which 
yielded cross -talk magnitude consistent with experiment when using 
the simplified equivalent circuit shown in Fig. 3. Ir1 is the signal 
current from target one. Current I1 flows in RI, which is the series 
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IVi 

Fig. 3-Simplified equivalent circuit of capacitance between targets. 

combination of preamplifier one input impedance and series impedance 
between target proper and the external target terminal. The capaci- 
tance between targets is C, and R9 represents preamplifier two input 
impedance. The cross -talk voltage in preamplifier two due to signal on 
target one is then V21. Of course the same mechanisms operate to 
produce reciprocal effects in preamplifier one. 

Reduction of this cross talk to an acceptable level (50-60 dB below 
in -channel video) was achieved by developing a low -input -impedance 
preamplifier. The simplest of these uses a bipolar transistor in the 
grounded -base configuration. More satisfactory performance was 
achieved by use of feedback with a JFET input device. An input 
impedance of about 200 ohms is desirable. A simplified schematic is 
shown in Fig. 4. The low -impedance amplifier benefit can be negated 
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Fig. 4-Simplified schematic circuit of low -input -impedance preamplifier. 
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if the impedance between the target and outside target terminal is 
too high. Since this impedance is associated physically with a trans- 
parent conductor, it is not easy to ensure low impedance and high 
optical transmission. For this reason, we have specified an opaque 
conductor surrounding the active target area to shunt the transparent 
conductor outside of the picture area. 

3. Basic Bivicon Camera 

A flexible, modular camera has been constructed for the purpose of 
evaluating the Bivicon in a number of applications. We have not 
attempted to simplify or cost reduce this camera, and wherever 
possible have utilized modules from existing cameras or outside 
vendors. I shall describe the basic camera briefly and then review a 
number of applications. 

A block diagram of the complete camera is shown in Fig. 5 and 
a photograph in Fig. 6. Extra space in the circuit -board rack was 
used in specific versions of this camera for color transcoding from 
the spatially encoded form to the composite NTSC signal. In the 
diagram and in the description that follows, I have minimized refer- 
ence to many details of video technique in order to highlight practices 
unique to the Bivicon tube and camera. 

The focus-align-deflection coil assembly is a standard product 
designed for the 11/2 -inch vidicon, RCA type 8521. The deflection 
currents are am roximately 180 mA and 35 mA peak to peak for 
horizontal and vertical deflection, respectively. These are less than 
required for the 8521 tube in this yoke because each Bivicon raster 
is smaller than the usual raster in the 8521 vidicon. 

The preamplifiers are the JFET input feedback amplifiers men- 
tioned earlier. In spite of the low input impedance, they are located 
in close proximity to the target terminals in order to minimize 
capacitance, which would adversely affect signal-to-noise ratio. The 
low -impedance input does, however, eliminate the need for the usual 
capacitance compensation in vidicon amplifiers, since R = X, at about 
50 MHz. Independent manual adjustment of target voltages is used, 
but the automatic sensitivity control adjusts both targets in response 
to video information from one channel only. 

Video iu both channels is clamped, blanked, and amplified in 
processing amplifiers. It should be noted at this point that for some 
applications, the video from the chrominance channel will undergo 
various band -filtering operations, obviating need for clamping, aperture 
correction, or sync adding in the chrominance channel. In the other 

i 
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extreme, the two channels may be treated exactly alike. In our camera, 
we ha'se used a processing amplifier in the chrominance channel in 

order to have blanked, clamped video to aid in monitoring the per- 
formance of experimental color -encoding systems. Shading modulators 
are used in both channels if the flattest possible fields are desired. 
Aperture correction and sync addition functions are provided in the 
luminance channel, and line drivers providing 0.7 volt video above black 
level complete the video chains. The total power input is under 50 
watts. 

4. Cameras for Pre -Encoded Imaging 

The Bivicon tube was developed as part of the Holotape project to 
provide a pickup device of high reliability for the two -image format 
required in Iolotape. In the Iolotape system, images are recon- 
structed from holograms embossed on low-cost, mass -replicated plastic 
tape. The system optics are designed to reconstruct in space two 
images of exactly the right size to fit the targets of the Bivicon tube. 
One image conveys the luminance of the television signal, the other 
image the chrominance. 

Since the holograms are reconstructed with monochromatic light 
from an HeNe laser, color information is encoded spatially on the 
chrominance frame. Therefore, there is no need for an encoding 
structure in the optics or in the Bivicon tube. The holographic images 
are made from a silver halide film bearing an image representation 
of the video signal of the program material. This film is recorded 
in a commercial electron -beam recorder designed for making video - 
to -film transfers. By using an electronic recording process rather 
than an optical process, we can process the video signal in ways that 
would otherwise be difficult. This flexibility is apparent in the 
appearance of the encoded film. Fig. 7 shows a typical frame pair. 
The luminance image is easily recognized as the monochrome repre- 
sentation of the television signal. The form of the chrominance image 
is less obvious. It consists of a 2 -MHz phase- and amplitude -modulated 
carrier and an unmodulated 1 -MHz phase reference.' The 2-1\IIIz 
carrier modulation has the same form as the NTSC chrominance car- 
rier to facilitate decoding in NTSC receivers. A unique characteristic 
of electronic encoding is that it permits the elimination of all luminance 
components from the chrominance image. It is then possible to increase 
the dynamic range of the chrominance, with no allowance required 
for the residual luminance. A simple, trouble -free method of decoding 
this image is used 'in the Holotape player, The video output derived 

140 RCA Review Vol. 34 March 1973 



BIVICON 

from the chrominance frame is immediately band -passed at I MHz and 
2 MHz separately. These two signals, reference and chrominance, are 
combined with an NTSC 3.579545 -MHz reference in a two -mixer 
system to "transcode" directly from the Holotape code to the NTSC 
code. 

The Holotape player consists of three major components-laser, 
tape transport, and Bivicon camera. Fig. 8 shows the prototype 
Holotape cassette player. The laser and Bivicon camera head are 
fitted in within the constraints of the optical and mechanical design 
of the transport. 
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Fig. 7-Typical frame pair on monochrome si ver halide film used to 
convey luminence and chrominance information to the Bivicon 
target. (The chrominance information is on the encoded frames.) 
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In the process of making and testing the encoded silver halide film 

used to make the holographic tapes, it was found convenient to con- 
struct a Bivicon film reader that could decode and display the encoded 
film in motion. Our breadboard player is shown in Fig. 9. Continuous 

41. 

Fig. 9-Laboratory breadboard model of Bivicon film reader. 

film motion was used for simplicity. A frame rate of 30 frame/sec 
was used. A xenon strobe lamp was used for illumination. The flash 
duration was about 10 usec, short enough to immobilize the image. 
Since the film was recorded in an intermittent pull -down film transport, 
the images were registered with the perforation in the standard 16 -mm 

film stock. For this reason, the flash lamp was triggered by a photo - 
detector sensing the perforations. Excellent image stabilrity is ob- 

tained, with no wear on perforations during playback. In fact, the 
film could be driven by friction, and image framing achieved by a 
sync pulse image without the presence of an actual hole. 

While using this film reader as a tool in the production of Holo- 

tapes, the following performance features were noted for the system 
of encoding television and reproducing it in color from monochrome 
silver halide film: 

(1) Good color quality. The input color video signal was handled as 
a video signal throughout the process until reproduced on the color 
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kinescope. No dyes or color -detection processes are involved. 

(2) Good luminance resolutrion and signal/noise. The extremely 
fine-grain film has resolution well beyond the capability of the tele- 
vision system, unlike color print stock which, in 16 mm, has some 
influence on the system performance. 

(3) Good motion rendition. Use of 30 frame/sec recording matches 
the television input-output better than 24 frame/sec motion pictures. 
(4) Good potential for volume replication and an inexpensive, re- 
liable reproducer. The technology for monochrome film duplication is 
well developed. The film reproducer has no precision moving parts, 
image stability is determined by the electronics of the photosensor 
and xenon lamp trigger. Simple pickup of the two -frame format is 
achieved with the Bivicon tube. 

It is well recognized that a new format would be difficult to intro- 
duce, whatever performance advantages might accrue from its use. 
However, the performance, reliability, and economics of such a system 
might suit some of the low- to medium -volume market segments. 

5. Color -Encoding Cameras 

A more generally useful form of Bivicon camera is one that encodes 
a color input image. The two major subclassifications are cameras 
that are designed for use with color film input and those that are 
designed for direct pickup from any live scene. Generally, these differ 
only in the form of the optical system used to form the two images 
on the two targets of the Bivicon tube. It is in the area of optical 
systems that Bivicon camera design departs from other color -camera 
systems. 

Previous multi -image camera designs have used separate camera 
tubes for each image. As a result, the location of these image planes 
could he chosen flexibly to fit the requirements of the desired optical 
designs. In the Bivicon tube, the image locations are inflexibly de- 
fined. Thus the price paid for the registration advantage of the 
Bivicon tube is that the two optical images must be located in one 
plane and in close proximity. Several solutions are described sn suc- 
ceeding sections. 

5.1 Color Encoding for Two -Image Formats 

In describing Bivicon color cameras, little will be said specifically 
about the color -encoding means used except for some discussion here 
of the characteristics of encoders and resulting cameras that are 
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unique to two -image systems. Perhaps the single most desirable 
characteristic of two -image formats is the ability to achieve luminance 
quality unlimited by the presence of spatial encoding structures. In 
single -image systems other than field -sequential, the luminance reso- 
lution achieved is always less than the capability of the camera tube, 
as some of the spatial spectrum must be allocated to the rendition of 
chrominance. To achieve reliable, low -noise chrominance, the location 
of color -encoding carriers in single -image cameras ís often low enough 
to intrude on the desired luminance band. 

In two -image cameras it is possible to use one image entirely for 
luminance and the other for chrominance. It is then possible to have 
luminance limited only by the camera -tube response and to locate the 
chrominance encoding structure at spatial frequencies lower than those 
usually selected in one -image systems. Separating the luminance and 
chrominance functions has enabled the designer to achieve performance 
of both components in optimum portions of the camera -tube spatial 
spectrum, while eliminating the interactions. 

Color -encoding systems that best achieve the desired function of 
encoding all chrominance are those that encode with structures con- 
taining all three color prJmaries. One such system used in a two -tube 
camera has a color stripe array of red, green, blue, and black stripes. 
With bias light superimposed on the scene image, this encoder pro- 
duces a black reference pulse irrespective of scene content. This refer- 
ence pulse is used to generate sampling pulses that allow separate 
decoding of red, green, and blue video outputs at bandwidths adequate 
for chrominance. Note that the chrominance camera tube must resolve 
each color stripe to avoid hue errors. The second camera tube is then 
used to produce wide -band luminance.' 

In our own work, we have favored encoding systems that have been 
directly decodable as a chrominance carrier, i.e., containing just hue 
and saturation information. Among the advantages of these systems 
are inherently stable white balance and direct translation to an NTSC- 
encoded chrominance signal. Such an encoder consists of groups of 
red, green, and blue stripes and a reference carrier structure. The 
color stripes are made with transmissions adjusted to be equal in 
white fight, so that the carrier vanishes in a colorless image. 
Spatial frequency for the stripe groups should be such that a two to 
three megahertz carrier results in camera video output in order to 
achieve reasonable chrominance bandwidth. A spatial reference carrier 
is needed to allow decoding in the presence of optical and scanning dis- 
tortions. We have used a reference carrier at half the color -carrier 
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frequency; the reference carrier is formed in the image by spatially 
interleaving a neutral structure with the color structure. 

The video output from such a coding filter lis translated to an NTSC 
color carrier by means of the transcoder shown in Fig. 10. White 
balance is independent of focus over the entire image. Any carrier - 
amplitude variation produces only a color -saturation error. Note also 
that the camera video output is band -passed at the color group fre- 
quency. It is not necessary to resolve each color stripe to achieve 
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Fig. 10-Block diagram of transcoder to translate to NTSC carrier. 

good color performance, and response is only required at all to the 
extent of the sideband above the color carrier. 

There ¡are other encoding systems that can make good use of the 
Bivicon format with simpler encoding structures. Several of these 
resemble three -image formats. One such system uses one image to 
encode green (or luminance) and the other image to encode red and 
blue on a frame -sequential basis.' This system has no spatial encoding 
artifacts, but suffers from some motion breakup and color flicker. This 
system is usually improved by using a one -field store to present simul- 
taneous outputs in blue and red. There are then no flicker effects on 
stationary objects, but break-up on moving objects remains. 

Another system uses a simple spatial encoding filter to achieve red 
and blue output from one tube.' The spatial portion of the filter is a 
simple array of yellow and clear stripes at about a 2 -MHz repetition 
rate. A beam splitter is used to route a green image to one target 
and magenta to the other target. The yellow stripes in the magenta 
image encode blue on a carrier, and red is the larger portion of the 
low -passed content of that frame. Straightforward matrixing will 
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result in red, green, and blue outputs of chrominance bandwidth, and 

luminance having detail from the green channel only. 

It is possible therefore to select a coding system for stable color- 

metry at the expense of encoding filter complexity, or conversely, 

simple encoders with other performance sacrifices. The two -image 

format probably offers the most flexibility in choosing a color -encoding 

system. 
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Fig. 11-Optical systems for film camera. System in (b) uses a single 
optical axis for both targets. 

5.2 Film Cameras 

The design of cameras made specifically for televising motion picture 
film or transparencies is facilitated by the possibility of a high light 
level and the fact that the object televised is of fixed size and location. 

Two optical systems are shown for film cameras in Fig. 11. Here 
the use of a large field lens allows the spatial encoding filter to be 
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physically of such a large size that fabrication is made easier. Con- 
figuration (b) is novel in its use of a single optical axis to achieve 
an image on each target of the Bivicon tube.' Use is made here of the 
fact that adjacent images on a motion picture film are very similar. 
If there is no motion, they are, in fact, identical. It is possible with 
this optical system to use one frame for luminance and the adjacent 
frame for chrominance at the same time. When film is advanced one 
frame at a time, the result is that the encoding of luminance and 
chrominance proceed separated in time by one film frame. If the 
color -encoding system encodes all chrominance in one frame, this 
camera yields a surprisingly good picture. The defect resulting from 
the time lag between luminance and chrominance appears subjectively 
as a "smear" in the direction of the motion. It is most obvious in 
large -area movement such as camera panning. 

Bivicon film cameras appear to offer high performance at low cost 
and may be of interest sin the educational and other closed-circuit 
markets. 

5.3 "Live" Cameras 

The design of cameras for direct pickup is complicated by the desire 
for high light efficiency and the need for a wide range of focal lengths 
and focus settings for the prime image -forming lens. Perhaps the 
most serious consequence of these boundary conditions is the stringent 
requirements placed on the lens used to image the color -encoding 
structure on the chrominance target of the Bivicon tube. This lens 
must image the encoding structure faithfully, but must do this at a 
large enough aperture to achieve the desired camera sensitivity. The 
problem of faithfully reproducing the coding structure is particularly 
severe because of the degree of color correction required at a rela- 
tively high spatial frequency. This becomes an additionally challenging 
role for this lens, in the configuration used in the film cameras, shown 
in Fig. 11, where the same lens is used to relay both luminance and 
chrominance images. 

The configuration of one design of live camera optics is shown in 
Fig. 12. Here the single relay lens is replaced by two lenses, each 
working on the axis of ,its oNs n field lens. Rhomboid prisms are used 
to separate the two image centers sufficiently to allow reasonable 
dimensions for relay lenses and the encoding filter. The coding filter 
dimensions are comparable to a 35 -mm camera frame, and the picture - 
taking lens may be chosen from a variety of lenses designed for that 
application. A higher -efficiency, lower -cost optical system would re - 
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suit from the substitution of mirrors for all prisms in this system. 
However, keeping all of these mirror surfaces in good optical condition 
would be troublesome. Prisms were used in the experimental systems 
for this reason and because of the ease of supporting them in ex- 
perimental setups. 

ENCODING / FILTER 

PRIME BEAM 
LENS SPLITTER 

RELAY 
FIELD LENSES 
LENSES 

Fig. 12-Optical system for "live" camera. 

RHOMBOID 

PRISMS 

BIVICON 

The highest -quality and lowest -cost optics in a spatial encoding 
system for a color television camera is achieved when the spatial 
encoding filter is in effective contact with the camera -tube photo- 
conductor. In this case, the encoding structure is very effectively 
superimposed on the input image with no need for relay lenses. Light 
losses are lower, and performance is generally superior. It is possible 
to use low-cost lenses designed for small -image formats provided their 
image plane is located far enough behind the lens to allow for the 
beam -splitting function. Lenses designed for 8 -mm reflex viewfinder 
cameras are adaptable for this application. 

Although the optical design is far simpler, the fabrication of the 
Bivicon camera tube has, of course, been made more complicated when 
integrating in the spatial encoding function. The economics in the 
choice of approach for a given camera design must be carefully 
weighed. 

6. Other Applications for the Bivicon Tube 

There are other potential applications for a dual raster pick-up device. 
None have been tested, but some are described and these will un- 
doubtedly suggest others. 

Stereo television is easily possible with the Bivicon camera. In 
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certain closed-circuit applications, this feature is desirable. The 
Bivicon offers a simple camera with good limage match in spite of 
scan linearity or size errors. Rhomboid prisms or mirrors can be 

used to achieve the desired inter -lens spacing. Images can be dis- 
played by two monitors optically superimposed, using linear polarizers 
to route images to the proper eve. An alternative display, which offers 
the same size and linearity match advantange as the Big icon, would 
be the use of a shadow -mask kinescope as a two-color display, using 
one color phosphor for one image and the other two for the remaining 
image. Colored glasses would allow the obsen er to view the stereo 
image. 

Pattern -matching or measurement may be facilitated by use of the 
Bivicon camera. A standard pattern, or measuring scale, in one raster 
can be compared with the image on the other raster. Such measure- 
ments would be reliable in spite of deflection -current nonlinearities or 
size changes, as both rasters would experience the same changes. 

Panoramic television may be useful in certain applications. It may 
be useful to scan two adjacent segments of a scene with a Bivicon 
camera and to display on a monitor with the two images "spliced" 
together by some optical means. 

It has been suggested that an inaccessible, remotely controlled 
camera would gain in reliability by use of a Bivicon tube. One lens 
covering both targets would center the object of interest on one 
target. In the event of target failure or video amplifier failure, the 
second target and video chain could be used. 

7. Conclusions 

The Bivicon camera tube can be used for virtually any application 
previously requiring two vidicons. Because of the ease of achieving 
a two -image camera system with this device, the two -image color 
formats become more attractive. 

The success of Bivicon color cameras depends upon close coopera- 
tion between the designers of the optical system, the spatial encoder, 
and the rest of the camera. A variety of optical configurations and 
color encoding systems can fit a variety of requirements. 
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Information Processing With Transferred -Electron 
Devices 

Fred Sterzer 

RCA Laboratories, Princeton, N. J. 

Abstract-The principles of operation of information processing circuits using 
transferred electron devices are reviewed, and several new circuits 
are proposed. These new circuits are expected to prove useful in 
processing information at multi -gigabit rates. 

Introduction 

The transferred -election effect is one of the most interesting and 
useful new effects in semiconductors. This effect, which was theo- 
retically predicted in the early 1960's'2 and experimentally demon- 
strated in 1963,' occurs in several III -V semiconductors such as GaAs 
and InP. The effect is a bulk negative differential mobility that is 
due to the transfer of electrons from high- to low-mobiiity energy 
bands. The time constants involved in the transfer of electrons be- 
tween these energy bands are of the order of picoseconds, and the 
negative differential mobility is therefore retained at frequencies well 
into the millimeter -wave range. 
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Transferred -electron devices (TED's), i.e., devices whose opera- 
tion depends on the transferred -electron effect, can be used to amplify 

I and generate rf power, and to process analog and digital information. 
TED's are now widely used in commercially produced microwave 
amplifiers and oscillators," but TED's for information processing are 
still in the early laboratory stage. However, the potential of TED's 
for ultra -high-speed information processing is very great" For 
example, dynamic TED frequency -dividing circuits have been operated 
with input frequencies as high as 16 GHz,9 and an integrated digital 
four -stage TED circuit has been operated with a delay per stage of 
only 40 ps.10 The present paper briefly reviews the basic principles of 
operation of TED's for information processing (these principles being 
fundamentally different from those governing the operation of con- 
ventional silicon IC's) and proposes several new information-processing 
TED circuits such as variable delay lines, phase coding circuits, and 
memory cells. These new circuits are expected to prove useful in 

processing information at multi -gigabit rates. 

ELECTRIC FIELD - kV/cm 

Fig. 1-Curves of electron drift velocity versus electric field for silicon 
and gallium arsenide. 

Principles of Operation of TED's Designed for Information Processing 

Fig. 1 shows graphs of electron drift velocity versus electric field for 
silicon and GaAs. The drift velocity for silicon exhibits a "normal" 
behavior in that it increases monotonically with increasing electric 
field. In GaAs, however, the drift velocity decreases with increasing 
field above about 3 kV/em, i.e., for electric fields above about 3 kV/cm, 
the differential mobility (dv/dE) is negative in GaAs. 
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Transferred -electron materials biased into their negative differ- 
ential mobility legion exhibit a behavior strikingly different from 
that of materials with positive differential mobilities.' In the latter 
materials, charges of like polarity repel one another, and any ac- 

cumulation of space charge decays exponentially with a time constant 
equal to the dielectric relaxation time 

'r = - r 
enp 

where E is dielectric constant, e is electronic charge, n is carrier con- 
centration, and µ is differential mobility. In transferred -electron 
materials biased into their negative differential mobility region, the 
situation is the opposite. Charges of like polarity attract one another 
and any accumulation of space charge grows with time at the rate 
exp (t/ I Tr D 

Consider now a bar of transferred -electron material of length L 
with ohmic cathode and anode contacts. The anode ás biased positive 
with respect to the cathode at a magnitude larger than the threshold 
voltage VT = ET X L (see Fig. 1 for the definition of Ern,). There- 
fore, part of the device vs biased into the negative -mobility region. 
Excess electron space charge introduced at the cathode moves through 
the device under the influence of the applied field. The charge grows 
exponentially in the negative -mobility region at the rate 

1= exp le vI µ 
I l, 

I I 

where l is the length of the negative mobility region, y is the 
velocity of the electrons, and a bar over the symbol indicates an 
average value. If the exponential growth rate is sufficiently large 
(nl 7.6 X 10"/cm' for GaAs), then high -field space -charge domains 
will form in the transferred -electron material. A typical domain 
nucleates at the cathode of the TED. It grows exponentially while 
moping toward the anode until the voltage across it is so large that 
the field in the parts of the TED outside the domain falls below 
threshold. The fully formed or "mature" domain disappears when it 
is collected at the anode. As the domain is being collected, the electric 
field throughout the TED rises above threshold, a new domain is 
nucleated at the cathode, and the cycle repeats itself. 

Mature domains moving through a TED have the following im- 
portant properties: 
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1. Domains move with nearly constant velocity. In GaAs. this velocity 
is about 107 cm/sec, or about 1/3000 the velocity of electromagnetic 
radiation in free space. 

2. While the domain is moving through the device, the device current 
is lower than when no domain is present." Thus each domain 
produces a negative -going current pulse as it moves through the 
TED. 

3. A mature domain moving through a uniformly doped TED with 
gradually varying nonuniform cross section is equivalent to a wall 

moving with constant velocity through which constant density of 
current flows." Therefore the current through a TED containing a 

moving mature domain is at every instant approximately propor- 
tional to the cross-sectional area of the TED at the location of the 
domain at that instant. 

In most signal -processing applications of TEDs, one must be able 
to precisely control the launching of domains. Control can be ac- 
complished with the three -terminal TED shown in Fig. 2.'='" The 

OHMIC CONTACT 
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Fig. 2-Three-terminal planar TED: (a) device structure, (b) gate volt- 
age, and (c) resulting device current. When the domain reaches 
the anode, a narrow current spike is usually generated. Such 
spikes do not in general affect the operation of the logic TEDs 
described in this paper. To simplify the presentation of basic 
concepts, these spikes are not shown in this or in subsequent 
figures. 
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cathode-anode voltage across the TED is adjusted to a value slightly 
below threshold. As a result, no domains are ordinarily formed in the 
device. If, however, the Schottky gate is biased sufficiently negatic e 
with respect to the cathode, a depletion layer will form underneath 
the gate electrode, the electric field lines in the vicinity of the cathode 
are compressed, and the electric field at the cathode becomes high 
enough to nucleate domains. Thus, a narrow negative voltage pulse of 
sufficient height applied to the gate (Fig. 2b) will start a domain 
moving across the device (Fig. 2c). The time difference between the 
application of the gate pulse and the drop in device current due to the 
formation of the domain, To - T1 (Fig. 2), can he as short as 30 ps.10 

The basic circuit for using the three -terminal TED of Fig. 2 is 
shown schematically in Fig. 3. Thris circuit has the following four 
major characteristics: 

(1) Whenever the input gate pulse exceeds a certain threshold value 
(Fig. 2c), an output pulse is generated. The shape of the output 
pulse is independent of the shape of the input pulse; the shape of 
the output pulse is determined solely by the geometry and doping 
of the TED. 

(2) The TED can support only one domain at a time. This means that 
if an input pulse is applied when a domain is moving through the 
device, this input pulse does not create another domain. In other 
words, the TED does not respond to an input signal as long as a 
domain is traveling through it. 

The TED circuit has gain, i.e., the output pulse can be signifi- 
cantly larger than the input pulse. Fan -outs of 10 :1 appear 
feasible.'° 

(4) The Schottky gate is highly effective in blocking the propagation 
of signals traveling in the reverse direction, i.e., from output to 
input. Reverse attenuations of 15 dB have been demonstrated.10 

The Sabo\ e characteristics together with the inherent subnanosecond 
speed of TED's make three -terminal Schottky -gate TED's attractive 
building blocks for ultra -high-speed digital computing applications. 
Since three -terminal TED's are threshold devices, all threshold logic 
circuits can be implemented in a straightforward fashion."'" 1\lemory 
elements can be constructed by placing a capacitor of appropriate size 

(3) 

* Three -terminal Schottky gate TEDs possess all of the properties of 
a neuristor:14'S (1) attenuationless propagation of signals, (2) uniform 
velocity of propagation, (3) a refractory period, i.e., a neuristor has a 
'dead time' after a signal propagates through it, and (4) a threshold of 
stimulation. 
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INPUT 0-1 
OUTPUT 

Fig. 3-Basic signal -processing circuit using three -terminal TED. 

across the load resistance of the TED.';" In such a memory element, 
once the TED is triggered by a negative pulse to' its gate, output pulses 
are generated until a positive -going erase pulse is applied to the gate. 

New TED Information -Processing Circuits 

The "Notched" Three -Terminal TED 

Most of the circuits described in this section use the notched three - 
terminal TED shown in Fig. 4. This TED is similar to the TED of 
Fig. 2 except for a constriction, or notch, located between the gate and 
the anode. A domain moving through this device is constnicted as it 
passes the notch, and there is an additional drop in device current as 
shown' in Fig. 4b. The time delay between the nucleation of the domain 
and the start of the additional current drop due to the notch is given by 

CATHODE GATE 

\ / 
IPI -rP2IP31 

(al 
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W 

r2 r,r4 
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Fig. 4-Three-terminal planar TED with notch near anode: (a) device 
geometry and (b) device current as a function of time. The 
domain is nucleated at time r,, reaches the notch at time 72, leaves 
the notch at time 79, is absorbed at the anode at time r,. 
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I, 
(72 - rl) = -, 

v 

where v is the domain velocity. 

Fixed and Tapped Delay Lines 

Fig. 5 shows a delay line using three notched TED's of the type shown 
in Fig. 4. The input pulse triggers a domain in the first device. The 
current through the first device drops; only when the domain reaches 
the notch in the device, however, does the current drop to a sufficiently 
low value to 'trigger a domain in the second device, and so on. If I, in 
Fig. 4a is, for example, 100 µm, then the signal delay leer stage will be 
approximately 1 nanosecond in a GaAs device (y - l07cm/sec). Note 
that pulses moving through the delay line get regenerated in both 
amplitude and shape at every stage of the line. Therefore, in contrast 
to passive delay lines such as acoustic lines, pulses move unattenuated 
through TED delay lines of the type shoe n in Fig. 5. It is also possible 
of course, to tap signals off at every element, so that tapped delay lines 
can be realized in a straightforward manner. 

I 
INPUT OUTPUT 

Fig. 5-Three-stage delay line using the three -terminal TED of Fig. 4. 

Continuously Variable Delay Lines 

Fig. 6 shows a TED circuit for obtaining continuously variable delay. 
The input pulse is applied to the gate of a TED with tapered cross- 
section. (To prevent damage to the device when the domain is dis- 
charged at the anode, the taper of the device is not continued all the 
way to the anode.)" A domain moving through this device produces 
a tapered voltage pulse V(t) across the load resistor of the device as 
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shown in Pig. 6b. This voltage pulse is superimposed on a variable do 

bias voltage VR, and the sum of these two voltages is applied to the 
gate of the second TED. The larger V11, the greater the voltage drop 
in V(t) necessary to trigger a domain in the second TED, and the 
longer the time delay between input and output pulse. For example, 
for bias voltage V,¡,, a domain is triggered in the second TED at time 
Tj, while for bias voltage VB.,(V., > 1711) a domain is triggered at 
time To (Fig. 6b). 

W 
t7 

J yel 
0 
> Ve 

(a) 

- 

T, Ti TIME-. 

(b) 

Fig. 6 TED circuit for obtaining continuously variable delay: (a) sche- 
matic of circuit and (b) voltage across the load resistor of the 
first device as a function of time. 

Phase Code Modulators 

Fig. 7a shows a biphase modulator using two TEDs. The input pulses 
(Fig. 7c) are applied to the gate of a notched TED. The output of this 
TED and a control voltage V, are applied to the gate of a second, 
shorter TED. With no applied control voltage, the second TED is 
triggered at time T1 (Fig. 7b) ; when a positive control voltage of ap- 
propriate magnitude is applied, the second TED is triggered at time T... 

Biphase modulation is obtained if the time difference To - T, is made 
equal to one half the period of the input pulse train. In this case, as 
shown in Fig. 7c, output pulse train 1 (V, = 0) is 180° out of phase 
with output pulse train 2 (V, = 17,1). 

Higher -order modulators, such as quadriphase and octiphase modu- 
lators, can also be readily synthesized with TEDs. For example, a 
quadriphase modulator can be constructed by cascading the biphase 
modulator of Fig. 7 with a similar modulator that introduces differ- 
ential phase shifts of 90°. 
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Fig. 7-Biphase modulator using two TEDs: (a) schematic of circuit; 
(b) voltage across the load resistor of the first device as a function 
of time, and (c) input and output pulse trains. 

Memory Element 

Fig. 8 shows the circuit for a TED memory element that uses two 
TED's rather than a TED and a capacitor as described in Ref. [17]. 
The first TED contains a notch near its anode and the second a notch 
near its gate. The memory element is turned "on" by applying a 
negative set pulse to the gate of the first TED. This set pulse caused 

INPUT 

Fig. 8-Schematic diagram of a TED memory element. 

a domain to be nucleated in the first TED. When this domain reaches 
the notch in the TED, the voltage in its load resistor drops to a 
sufficiently low value to trigger a domain in the second TED. When 
the domain traveling through the second device reaches its notch, a 
negative pulse of sufficient amplitude is generated in its load resistor 
to trigger a second domain in the first device, and so on. Thus a 
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negative input (set) pulse creates a continuing train of output pulses. 
To turn the memory element "off," a positive -going reset pulse is 
applied to the gate of the first TED. This reset pulse prevents the 
first TED from being triggered by the second TED and the memory 
element will not generate pulses until a set pulse is again applied to 
the input. 

Comparator 

Fig. 9 shows the circuit for a TED comparator.* The input pulses 
are applied to the gate of a notched input TED and to the gate of the 
lower of the two series connected TED's. The input TED 'is triggered 
if either or both of the negative input pulses are present, while the 
lower series -connected TED is triggered only if both input pulses are 
simultaneously present. The gate of the upper series -connected TED 

O 
INPUTS 

OUTPUT 

Fig. 9-Schematic diagram of a TED comparator. 

is connected to the cathode of the input TED. The upper TED is 
triggered whenever a domain passes the notch of the input TED, pro- 
vided there are no domains traversing the lower TED. If the lower 
TED carries a domain, its resistance becomes so large that the voltage 
across the upper TED falls below the threshold value required for 
domain formation. The anode of the lower TED and the cathode of 
the upper TED are connected to the gate of an output TED. This 
output TED is triggered whenever its gate is driven negative. 

* The truth table for a comparator or "Exclusive OR" is as follows: 
Input 

(1) (2) 
Output 

o o o 
o 
1 

1 
0 

1 
1 

1 1 0 
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If there are no input pulses, no domains are triggered in any of 
the TED's and no output pulse is generated. If one input pulse is 
present, the input and the upper TED are triggered, the gate of the 
output TED is driven negative, and an output pulse is produced. If 
both input pulses are present, the input TED and the lower TED are 
triggered, the gate of the output TED is driven positive, and no output 
pulse is generated. 

Conclusion 

The negative differential mobility exhibited by several III -V semi- 
conductors such as GaAs can be utilized to create a powerful new 
technology for processing of information. This technology has several 
unique and desirable features-speeds consistent with operation at 
multi -gigabit rates, neuristor-type logic behavior, and the possibility 
of generating specialized information processing functions by shaping 
de\ ice geometries. To put these technologies into practice will require 
much additional effort, but expending this effort seems well worth while 
in view of the potential "order of magnitude" improvements over 
present technologies. 
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Two -Phase Charge -Coupled Devices with Overlapping 
Polysilicon and Aluminum Gates* 

W. F. Kosonocky and J. E. Carnes 

RCA Laboratories, Princeton, N. J. 

Abstract-Two-phase charge -coupled shift registers were developed in the 
form of polysilicon gates overlapped by aluminum gates. The devices 
were made on 1.0 ohm -cm n -type substrates with (111) and (100) 
orientations. Charge -transfer loss of less than 10 - per transfer was 
obtained in the fat -zero mode of operation of 64 and 128 -stage shift 
registers. The same registers operating in the bias -charge or bucket - 
brigade mode had transfer loss in excess of 10-3 per transfer. Ex- 
perimental results are also presented on the transfer loss as the 
function of fat zero level for registers with 5-, 1- and 0.5 -mil wide 
channels. 

1. Introduction 

Charge -coupled semiconductor devices' consist of closely -spaced MOS 
capacitors that are pulsed into deep depletion by the clock phase 
voltages. For times much shorter than that required to form an in- 
version layer of minority carriers by thermal generation, potential 
wells are formed at the silicon surface. These potential wells can be 

* This work was partially supported by NASA Contracts 10983 and 
11861, Langley Research Center, Hampton, Va. 
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used to store and transport minority carriers representing informa- 
tion. The signal charge can be introduced either electrically or opti- 
cally. The propagation of the information is accomplished by clock 
pulses applied to the electrodes of the successive MOS capacitors (i.e., 
charge -coupled elements), resulting in a motion or spilling of charges 
from shallow potential wells to deeper potential wells. Such propaga- 
tion of signal into the successive minima of the surface potential 
produces a shift register for analog signals that has a signal transfer 
efficiency approaching unity. Such analog shift registers may be 
used for various signal processing applications such as electroni- 
cally -variable delay lines or self -scanning photosensor arrays. By add- 
ing simple charge -refreshing stages,=' a charge -coupled shift register 
for digital signals can be constructed. 

If the charge -coupled structures are formed with symmetrical po- 
tential wells, at least three clock phases are required to determine 
the directionality of the signal flow. The use of more than three 
phases may be dictated by either the construction design symmetry, 
as in the case of a four -phase silicon gate overlapped by aluminum 
structures, or special signal coding schemes in which more than one 
bit may be propogated in one clock cycle. 

Two-phase operation requires that the charge -coupled structures 
be formed so that the potential wells induced by the phase voltage 
pulses are deeper in the direction of the signal flow. In this case, as 
one phase voltage is lowered, the resulting potential barriers force 
a unidirectional signal flow. It should be noted that a one -clock 
operation can also he obtained in a two-phase charge -coupled shift 
register if a proper de voltage is applied to one of the phases. Fur- 
thermore, a true single-phase or a uniphase charge -coupled structure' 
can be formed by replacing the dc -biased phase by a structure in- 
volving a fixed charge in the oxide. Such structures could be formed 
by the use of ion -implanted barriers' or by variation of the fixed oxide 
charge for the formation of the asymmetrical potential wells. The 
first charge -coupled devices were made by the thick -oxide p-MOS 
process?'e' The major limitation of this process is the etching of the 
separation between the gates, which should be no larger than about 
0.1 mil in order to control the surface potential in the resulting gap. 
On the other hand, the operation of n-MOS CCD's that are made with 
diffused channel stops can be less sensitive in the intereleetrode spac- 
ings because of the positive charge usually present in thermally grown 
Si02 channel oxides. 

The sealed -channel polysilicon-aluminum structures described in 
Sec. 2 of this paper are the most compact structures that can be 
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fabricated with more or less conventional layout rules. The self - 
aligning -gate construction of these devices allows fabrication of 
charge -coupled structures with gate separation comparable to the thick- 
ness of the channel oxides, as well as having the channel oxide always 
covered by one of the metallizations. The important advantage of the 
silicon -gate process is that it provides a very simple method for the 

construction of two-phase CCD's. The two-phase CCD's described in 

this paper employ two thicknesses of channel oxide for the formation 
of the asymmetrical potential Wells needed for the unidirectional How 

of signal. 

Si 02 . FIELD OXIDE 

P } DIFFUSION 

n- TYPE Si (o) 

POLY Si CHANNEL OXIDE - FOR POLY- Si GATES 

F7771_ r/771 17777A...l 

(b) 

THERMALLY GROWN 
Sí027 

V//1 V//!i 

CHANNEL OXIDE 
FOR AL -GATE 

(c) 

ALUMINUM GATES 

( d ) 

Fig. 1-Construction of 2 -phase charge -coupled devices in the form of poly - 
silicon gates overlapped by aluminum gates. 

2. Device Construction 

The fabrication of the test devices is illustrated in Fig. 1. The sub- 
strate used was 1.0 to 0.5 ohm -cm n -type silicon VIith (111) and (100) 
orientations. As shown in (a) the p+ diffusion and the field oxide 
for these devices were prepared following a standard thick -oxide 
p-MOS process. Boron nitride deposition at 1000°C was used as the 
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doping source for the p+ diffusions. The field oxide was made as a 

combination of 7000 A steam SiO, grown at 1100°C followed by 5000 A 

deposited Si0,. The next sequence of the process step, as shown in 
(b), consisted of thermally growing approximately 1000 A -thick chan- 
nel oxide, depositing the polysilicon film, and defining it tinto the poly - 
silicon gates. Then, as shown in (c), as the polysilicon gates were 
insulated by a thermally -grown oxide, the channel oxide for the alumi- 
num gates was simultaneously grown to the desired thickness. The 
initial devices having substrates with (111) orientation were made 

with an aluminium -gate channel oxide of 3000 A, in which case the 
insulating oxide over the polysilicon gates was about 2500A. However, 
all of the devices reported here that were made on substrates with 
(100) orientation were prepared NN ith 2400A thick channel oxide for 
the aluminum gates. For these devices the insulating oxide for the 
polysilicon gates was about 2000A. Finally, as shown in (d), the 
device structure was completed by opening contacts to the p+ diffusions 
and the polysilicon gates. depositing about 10,000A thick aluminum, 
and defining it into the aluminum gates. 

A photomicrograph of one of the CCD chips used for our experi- 
ments is shown in Fig. 2. The data reported here concern the opera- 
tion of the two middle registers on the chip. They are 128 and 64 -stage 
registers with 1.2 -mil -long stages. The construction of these registers 
is illustrated in detail in Fig. 3. As is shown, the input structure 
consists of a source diffusion S-1 and input gates G-1 and G-2. Sepa- 
rate electrical access has also been provided to the polysilicon and 
aluminum electrodes of each phase; i.e., 95-1(poly), 0-1(AI). 0-2 
(poly), and 0-2(AI). The output can be detected as the current flow 
out of the drain diffusion D-1 or as a voltage change resulting from 
the charge signal introduced on the floating diffusion that, in turn, 
controls the gate voltage of a 3 -mil -wide output MOS device with a 

source S-2 and drain D-2. The electrodes G-3 and G-4 are externally 
available for controlling the signal flow in and out of the floating 
diffusion. The center -to -center spacing of 1.2 mil/stage represents the 
minimum that can be achieved with 0.2 mil spaces between lines and 
0.1 mil overlap between the polysilicon and aluminum gates. 

The channel confinement, or the channel stops, along the width of 
the CCD structure was obtained by means of 12,000 A field oxide 
(See Appendix 1). Unless otherwise designated, most of the devices 
studied were 5.5 mil wide. However, to study the effect of the width 
of the CCD channel on the performance of the registers, special CCD 
arrays were made having basically the same layout as is shown in 
Fig. 2 and 3, but with 1.0- and 0.5 -mil -wide channels. In this case, 
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the 128 -stage registers were made 0.5 mil wide and the 64 -stage 
registers 1.0 mil wide. Finally, the tested devices were bonded on 
28 -lead dual -in -line ceramic packages. 
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Fig. 2-Photomicrograph of CCD-5. 

At the bottom of the photomicrograph in Fig. 2 is a test device 
consisting of two DIOS devices driven by a common polysilicon gate. 
This test device was used to verify the expected delay time due to the 
fact that the long polysilicon gate behaves as an RC transmission 
line. The analysis and experimental verification of this delay time is 
contained in Appendix 3. 

3. Operation and Design of Two -Phase CCD's 

3.1 Complete Charge Transfer Mode 

Assuming essentially zero fixed charge in the channel oxide, substrates 
with relatively large doping concentrations are required to obtain a 
substantial difference between the surface potential under the poly - 
silicon gates and the potential under the aluminum gates powered 
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Fig. 3-Cross-sectional view and a labeled photograph of CCD-5 128 -stage 
shift register. 

by the same phase voltage. The operation of such a device is illustrated 
in Fig. 4, showing a computer solution for a two-phase structure with 
substrate doping concentration of ND= 10lecm-3 and channel oxide 
thicknesses of 1000 A and 3000A tinder the polysilicon and aluminum 
gates, respectively. Since, in this case, the potential barrier formed 
under the aluminum gate with respect to the surface potential under 
the polysilicon gate of the same phase is not constant as the phase 
voltage changes, the maximum amount of charge signal that can be 
stored and transferred will depend to some degree on the waveshapes 
of the phase voltages. These waveshapes may be symmetrical with 
equal rise time and fall time (See Fig. 5(c) ), nonoverlapping, or over- 
lapping. In the overlapping case, the transfer of charge is preceded 
by the surface potential profile shown in the dotted line 4n Fig. 4. If 
we can assume that the signal charge will be originally contained in 
the potential well indicated by the phase -1 gate, then as the phase 
voltage ¢1 ís changed from (p) = -25V to ¢1 = -10V and the surface 
potential is raised from the dotted line to the solid line, the charge 
signal is transferred to a new potential well on the right side under 
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Fig. 5-Complete charge -transfer operation of two-phase CCD. 
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the phase -2 gate. This mode of operation for two-phase charge - 
coupled devices will be referred to as the "complete charge -transfer" 
mode, or the C -C mode. 

This conventional mode of CCD operation is again illustrated in 
Fig. 5 by two profiles of the surface potential. In this case at time t,. 
the charge signal is accumulating in the potential wells under the 
phase -2 gates, and in the second half -cycle the charge signal will be 
transferred to the potential wells under the phase -1 gates. 

- 

455(t,) 

N Va j!!/ 

Y's(t1) 

t, 

k i//ZIT 
N .0 

/77/ 

Ni0. 

(4) 

(b) 

(c) 

Fig. 6-Bias-charge (bucket -brigade) mode of operation of two-phase CCD. 

3.2 Bias -Charge or Bucket -Brigade Mode 

Another mode of operation of two-phase charge -coupled devices is 
illustrated in Fig. 6. In this case a harrier in the surface potential 
under the aluminum gates is so high that the potential wells under the 
polysilicon gates can never be completely emptied. In other words, 
the surface potential under the polysilicon gates powered by the mini- 
mum phase voltage is lower than the surface potential under the 
aluminum gates powered by the maximum phase voltage. This mode 
of operation will be referred to as the "bias -charge" or "bucket - 
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brigade" mode. We will refer to this mode as the B -B mode. The 
bias charge Na, ss illustrated in Fig. 6(b) represents the background 
charge always present under the gates accumulating or storing the 
charge signal. In the steady-state operation of such charge -coupled 
shift registers, the bias charge will be maintained by the thermal 
generation of carriers. 

The transition from the C -C mode to the B -B mode of operation 
can take place by increasing the do bias level on the phase voltages 
or by providing larger de voltages for the polysilicon gates than for 
the aluminum gates. The presence of positive charge 4n the channel 
oxide in the case of n -channel devices will also increase the barrier 
under the aluminum gates above the values indicated for the example 
shown in Fig. 4. The B -B mode of operation of two-phase charge - 
coupled shift registers is 'ery similar to the operation of bucket - 
brigade (8-9) shift registers. In the bucket -brigade device, the bias - 
charge regions are replaced by floating diffusions; otherwise, the 
operation of these two types of shift registers is very similar. 

3.3 One -Clock Operation 

As is generally known in connection with the operation of a bucket - 
brigade shift registers,"." a 4wo-phase charge -coupled shift register 
can also be operated with one of the phases do biased at a voltage 
halfway between the minimum and the maximum voltage applied to 
the other phase.10 This "one -phase" operation, or rather one -clock, 

is illustrated in Fig. 7. A uniphase charge -coupled structure" requiring 
only one set of externally controlled gates requires that the dc -biased 
phase shown in Fig. 7 be replaced by a built-in bias in the structure 
which may be obtained by the presence of fixed charge in the channel 
oxide. 

4. Testing Procedures 

4.1 Test Setup 

The circuit used for testing the experimental two-phase shift registers 
is shown in Fig. 8. The input signal is introduced into the shift 
register under the control of de bias voltages Es and Eo.5 and an input 
phase Vin. The phase voltage clocks ¢-1 and cf, -2 are applied with de 

bias Eo. Not shown in this figure is the fact that the phase voltages, 
as well as all of the input and the output control signals were supplied 
by separate clamping circuits. This permitted us to use different de 
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Fig. 8-Circuit diagram for the tests of two-phase charge -coupled shift 
registers. 
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levels for the polysilicon and the aluminum gates. llowe\er. for the 
tests in which polysilicon and aliuminum gates were operated with 
the same de levels, the phase cloc<s could be applied directly without 
the use of clamping circuits, in this case the voltage E',, was applied 
as a positive substrate bias. In all of the tests the output gate G-3 

was connected to the phase v oltage 0-1. The output gate G-4, in the 
early tests, was do biased by Er,.,, voltage with a typical value of -15 V 

while the drain voltage was typically ED= -25 V. In the tests for 
which most of the data are reported, the output gate G-4 was driven 
by the 0-2 clock with E_, as the do bias. In typical operation the out- 
put circuit was biased with E.4=17 V and E= 2 V. Such resetting 
of the floating diffusion to the drain potential ED by periodic pulsing of 
the gate G-4 was found to improve the operation of the narrow channel 
devices, i.e., the registers with 0.5- and 1.0 -wide channels. This was 
due to the higher loading of the fixed external capacitance on the 
floating diffusion, which required more positive resetting. 

In some of the tests the output signal was sensed directly as current 
1.,. But we found it more convenient to 'measure the output signal by 
observing the potential of the floating diffusion under the G-3 gate, 
which is proportional to the charge signal. Such charge, or voltage, 
sensing was made by measuring the output either as current 1:, or 
a source follower voltage V,,,,. A measured transfer curve of the source 
follower circuit for typical 5 -mil -wide devices is shown in Fig. 9. This 
transfer curve was obtained by biasing the gate G-4 with a -10 V 
relative to the drain D-1 and measuring the source follower output 
voltage V0,,, as a function of a d -c voltage applied to the drain D-1. 
Drain D-2 of the source follower circuit in this test was maintained 
at - 25 V. 

4.2 Transfer Loss Measurements 

In order to measure fractional loss per transfer, one must know how 
much charge is lost, how much charge was originally in the signal 
pulse, and how many transfers occurred. When only electrical inputs 
are possible, i.e., optical inputs are not available, the number of trans- 
fers is fixed by the length of the device, and the determination of the 
original amount of charge in the signal pulse is not always straight- 
forward. For example, if a signal "1 pulse of amplitude p is put in 
the input and the EN,, product ( is the fractional loss per gate and 
N is the number of gates) approaches unity, by the time the pulse 
reaches the output it will be spread over many different pulses, all 
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Fig. 9-Measured voltage transfer curve of the source follower output, 
VorT, as the function of the voltage of the floating diffusion. 

with reduced amplitude. making it very difficult to determine the origi- 
nal signal 'amplitude. The procedure we have used to circumvent these 
difficulties consists of applying a string of consecutive "l's" to measure 
the step or pulse response to the shift register. Even in the face of 
sizable losses with EN, products exceeding unity, provided the strings 
of "l's" is long enough, the output signal amplitude will reach the 
original output value. This occurs because a pulse well removed fiom 
the leading one receives the losses from the preceding pulses, which 
are just enough to match the losses it suffers. Thus, as the number of 
"l's" in the string increases, the output amplitude increases until it 
saturates at Vile amplitude at the input. Then the sum of the trailing 
pulse amplitudes that follow the last "1" constitutes the total amount 
of charge lost by that last "1" as it passes through all the stages of 
the shift register. Since the last "1" is always maintained at full 
amplitude (by losses from previous pulses), the losses it suffers are 
easily analyzed in the case where the loss is a fixed fraction of the 
total charge, i.e., for free -charge loss. This analysis is shown in 
Appendix 2. 

Thus, for free charge losses, provided the string of "l's" is long 
enough to provide full amplitude, the total loss ENpo is found by add- 
ing all the trailing pulse amplitudes. Alternately, the attenuation of 
the leading "l's", which will be symmetrical with the trailing edge, 
can be totalled. Thus, 
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E = 
Zpt (Nc) 

,p0 

(see(see Appendix 2 for notation). As shown in Appendix 2, since Zp,(Nn) 
is proportional to po, E does not depend upon po and the relative shape 
of the output pulse stays the same as the pulse amplitude is changed. 

On the other hand, the fractional loss into fast interface states 
E8 is inversely proportional to the signal amplitude." Another feature 
of fast state losses is that the attenuation of the leading edge of the 
pulse train is not symmetrical with the trailing pulse amplitude. 
Since thle release times of the fast states vary over many orders of 
magnitude, the charge lost into fast states is released over a large 
number of trailing pulses, with the jth (trailing pulse having an 
amplitude of 
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Fig. 10-Oscilloscope photographs of input pulses and ID-_ current (traces 
are offset to align with one another) for 64 -stage register at 
3 MHz with fat zero. Three different photographs show how the 
free -charge losses scale with signal amplitude. 
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However, the leading edge is attenuated by an amount required to fill 
the states at each gate. Therefore, when measuring fast -stage losses, 
the attenuation of the leading edge is totalled and divided by poND to 
find E8. 

Figs. 10 and 11 demonstrate the behavior of free -charge loss and 
fast -state loss, respectively, as signal amplitude is varied. Note sym- 
metrical appearance of leading and trailing pulses for free -charge loss 
and the manner in which the loss scales with signal amplitude. Fast - 
state loss, however, is not symmetrical (i.e., more loss is apparent in 
leading pulses than for trailing pulses) and has a total fixed loss 
independent of signal, so that as signal is reduced the fractional loss 
increases considerably. 

5. Experimental Data 

5.1 Dielectric Strength of the Oxide Insulating the Polysilicon Gates 

The measurements of the breakdown voltage between the polysilicon 
and aluminum gates showed that the dielectric strength of the oxide 
grown on the polysilicon was about the same as that of the oxide 
grown on the silicon substrate. The breakdown voltage between the 
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Fig. 11-Oscilloscope photographs of input pulses and In__ current for 
64 -stage device at 3 MHz without fat zero. As signal level de- 
creases, more leading edge pulses are required to fill fast states. 
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aluminum gates and the polysilicon gates insulated by 2000 A thick 
oxide was typically 70 V for negative potentials applied to the aluminum 
gates and 50 V for positive potentials applied to the aluminum gates. 
The breakdown for the case when the positive potential was applied 
to the aluminum gates was preceded by a leakage current on the order 
of 10 to 20 µA. In this case breakdown voltages of 60, 50, and 40 V 

were observed for insulating oxide thicknesses of 2,500, 2,000, and 
1,200 A, respectively. 

5.2 Threshold Voltages 

The threshold voltages of the gates could be measured by operating 
the reegister as a large single MOS device. However, the measure- 
ment of the threshold voltage that will be reported here consisted of 
the following procedure. To measure the threshold voltage under the 
polysilicon gates, the gate G-2 was connected to 49-1 (See Fig. 3). Then 
the threshold voltage V,,, (po,oP;,lro) was measured as We. de voltage 
applied between gate G-1 and the source S-1 that resulted in the intro- 
duction of a charge signal into the register on the order of 1% of the 
full well. During this test. the source S-1 was connected to the sub- 
strate. The threshold voltage for the aluminum gates was measured 
by a similar procedure, by forward biasing the gate G-1 by 10 V 

with respect to the source S-1. 

Typical threshold voltages measured with 1.0 MHz clock frequency 
for the reported devices were as follows. For the devices made on 

substrates with (100) orientation, V,,, (o,s,,,e,,,,) was typically between 
- 0.6 and - 0.9 V and V,,, (,,,,,,,,,,,,,,n) between - 2.8 and - 3.5 V. For 
the devices made on substrates with (111) orientation, V,,, (i tv i,,,,,,,) 
was between - 1.8 and - 2.2 V and V,,, (,,,,,,,,;,,,,,) between - 7.5 and 
- 9.0 V. 

5.3 Thermally -Generated Background Charge 

The thermally -generated background charge (dark current) was 
studied by operating the shift registers with interrupted pulse clocks. 
This type of operation is similar to the operation of the charge -coupled 
register as a line sensor but without the optical input. The c ock 

waveforms used in this test are illustrated in Fig. 12. As is shown 
in this figure, the clock signal is interrupted periodically during the 
charge integration time T, while the thermally generated charge is 

being collected in the potential wells resulting from a constant bias 
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Fig. 12-Illustration of clock waveforms for measurements of thermally 
generated background charge (dark current). 

voltage E4, applied to bath phases of the register. The burst of clock 
pulses that follows each charge integration time reads out the de- 
tected chargie signal. Typical waveforms of the detected outputs are 
shown in Fig. 13 for devices made on (100) substrates. The wave- 
form in Fig. 13(a) is for a unit with low and uniform dark current. 
The waveform in Fig. 13(b) illustrates the thermally -generated charge 
for a device with large local dark currents. 
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Fig. 13-Typical waveforms of thermally generated background charge 
for 64 -stage registers operating with phase bias voltage E, = 5V: 
(a) output for a unit with uniform dark current for T, = 0.1 sec. 
and (b) output for a unit with large local dark currents for 

= 10 msec. 
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The variation of the thermally -generated background charge as a 

function the phase bias (or rather substrate bias) voltage E,, is shown 
in Fig. 14. Here we see that the uniform background charge (Curve 

3.0 

O. lo 

_ A 

2 4 6 B 10 12 I 4 

GATE BIAS VOLTAGE 1 V ) 

Fig. 14-Variation of the thermally generated charge with the gate bias 
voltage (E.) for 64 -stage register with large local dark currents; 
curve A is for uniform background charge and curve B is for a 
local dark current spike. 

A) changes very slowly with the substrate bias voltage applied during 
the (integration time Ti. However, a local high -dark -current spike 
varies exponentially with the bias voltage, as is illustrated by Curve B. 

As the bias voltage changes from 5 to 14 volts the locally -generated 
charge changes from about 1/3 to 3 full wells. 

5.4 Transfer Loss Measurements 

(a) Typical Waveforms 

Figs. 15 through 20 illustrate the waveforms obtained in the measure- 
ments of the transfer loss of the 2 -phase registers. Figs. 15 through 
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18 are for the conventional C -C movie of operation. Typical waveforms 
obtained for the devices operating in the B -B mode are shown in 
Figs. 19 and 20. 
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Fig. 15-Typical waveforms for 64 -stage register at 1 MHz with (111) 
substrate orientation. 

The waveforms in Fig. 15 illustrate the operation of a 64 -stage 
register, in which case the output gate (See Fig. 8) was biased with a 
fixed d -c voltage E _r,. The top oscilloscope photograph in Fig. 15 
shows the two negative -going clocks along with Vi pulses. The nega- 
tive Vi pulses occur when 0-1 is "on" or negative. The two detected 
ouputs In -1 and lo for the operation without any electrically intro- 
duced background charge, i.e., "no fat zero," are shown in the middle 
photo. In this case the transfer loss, e, due to the charge trapping by 
the fast interface states is = 1.4 x 10-2. However, as is shown in 
the bottom photo, the introduction of the electrically introduced 
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charge, or "fat zero", into the register reduces the 'transfer loss 

to E<10-4. 
Our techniques for measurements of the transfer loss are further 

illustrated in Fig. 16 for a 64 -stage 1.0 -mil -wide register and in Fig. 

17 for a 128 -stage 0.5 -mil -wide register. In these two cases, the output 
signal is detected as the source follower output, Vot, and the d -c 

voltage of the output gate G-4 was adjusted so that the clock -voltage 

pick-up is cancelled from the output signal. 
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Fig. 16-Waveforms for a 1.0 -mil -wide 64 -stage register at 1 MHz. (100) 
substrate. 

Inspection of Fig. 16 shows that for "no fat zero operation, the 
transfer loss per transfer E = 3.1 x 10-3 due to the interface trapping 
is measured as the loss of the first "1" in the string of "l's". For 

the measurement of transfer loss for operation with 10% "fat zero", 

E = 2.3 x 10-4 is the loss per transfer measured as the attenuation of 
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the first "1" in the string of "l's" and e = 1.8 x 10-4 as the increase 
of the first "0" following the string of "l's". For this device, accord- 
ing to our definition of the transfer loss, we would chose e = 2.3 x 10-4 
as the value for transfer loss. However, as the value of fat zero is 
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val SOmV/div 
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iT'11 
lCl_-al 2µseC 

Fig. 17-Waveforms for a 0.5 -mil -wide 128 -stage register at 1 MHz. (100) 
substrate. 

increased, the same transfer loss would be measured as either the 
reduction of the first "1" in the string of "l's" or as the increase of 
the first "0" following the string of "l's". Such measurement is 
illustrated in Fig. 17(c). Comparison of the waveforms in parts (b) 
and (c) of Fig. 17 illustrates the reduction in the transfer loss as 
the signal is reduced for a given value of fat zero. 

The operation of the same 64 -stage register (CCD-5-6-8) in the 
C -C and B -B modes is illustrated by Fig. 18, 19 and 20. The compari- 
son of the waveforms shows that the operation in the B -B mode with 
larger barrier heights leads to larger transfer losses with and without 
"fat zero". 
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(b) Transfer Loss as Function of Fat Zero 

The reduction of the transfer loss as the function of fat zero is illus- 
trated in Fig. 21. The comparison of the curve A for C -C mode with 
curves B and C for B -B modes shows that about 10% of fat zero 
reduces the transfer loss to a minimum value in the case of B -B mode, 
but the minimum loss for the C -C mode requires larger value of fat 
zero. 

Fig. 22 shows how the transfer loss as a function of fat zero varies 
with the channel width. The curves on this figure illustrate the edge- 
effect12 that becomes more important in the case of the narrower 
devices. 

- 1 
111R^.. 

.._ ... ..o. 

. 

NU!i1.T.°, . rrrl r.-- 
101 

. V. -.-;11.41;11Y 
..^V' V v'J . . . y y y 

. 1111l^ 

4)-I 

CP -2 
vin 

CCD 6-5-8 
64-BIT 
C-C MODE 1 E=0) 

NO FAT ZERO 

20 V/div 

5 v/div 

vout 0.5v/div 
E=2.86 XI0-3 

voU} 

1,1A1 ;frrikRNN, 
.11llil 

tbl 

20'/. FAT ZERO 

TnIr',Ij' vow 
11 

tt111, 
1 

'1 ^ 
1 E.5.,0-5 

(C ) _04 2 p.sec 

0.5 V/div 

0.05 v/div 

Fig. 18-Waveforms for a 5 -mil -wide 64 -stage register operating in C -C 
mode at 1.0 MHz for Ee = 5 V, .195 = 10 V, E = 0, E04= 17 V, and 
En = 20 V (substrate (100)). 
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Fig. 19-Waveforms for a 64 -stage register of Fig. 18, but operating in 
B -B mode at 1.0 MHz, with Eo = 5 V, .151) = 10 V, E = 5 V, Eo-a 
= 17, and ED = 20 V. 
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Fig. 20-Waveforms for the 64 -stage register of Fig. 18, but operating in 
B -B mode at 1 MHz with E.= 5 V, a,sts = 10 V, E = 10 V, Ea -4 = 17, 
and ED= 20 V. 
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(c) Transfer loss as a function of clock frequency 

The measurements of the transfer loss as function of clock frequency 
are shown in Fig. 23 for devices fabricated on (111) substrates. The 
dotted curve B represents the best fit to the data of the calculated 
fast .interface state trapping losses according to the following equa- 
tion," 

T I 

CCD 6-5-B 

C 

0.1 0.2 0.3 0.4 0.5 
FAT ZERO ( FRACTION OF FULL WELL ) 

Fig. 21-Fractional loss per transfer versus amount of fat zero for 5 mil - 
wide 64 -stage register. Substrate (100). 
Curve A: C -C mode, E,= 5 V, E = 0, and -50= 10 V. 
Curve B: B -B mode, E, = 5 V, E = 5 V, and .15is = 10 V. 
Curve C: B -B mode, E, = 5 V, E = 10 V, and -SO = 10 V. 

(kT/q) N8A f 
e8= ln(1-}--). 

Nsia fo 
f11 

From this data we estimate fast interface state densities of N88 
= 1.2 x 1011 (cm-- eV) -1 for the deg ices made on silicon with (111) 
orientation. According to these measurements, the transfer loss with 
fat zero also decreases as a function of clock frequency for both the 
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Fig. 22-Fractional loss per transfer at 1 MHz versus amount of fat zero 
for 0.5, 1.0, and 5.0 -mil -wide register made on (100) substrates 
are shown as Curves A, B, and C, respectively. 

CLOCK FREQUENCY I Ht ) 

5 

Fig. 23-Fractional loss per transfer versus clock frequency for 128 -stage 
registers made on (111) substrates. 
Curve A: C -C mode (Ee = 20 V, E = -5 V, -19s= 10 V) with 10% 

fat zero; 
Curve B: C -C mode with no fat zero. 
Curve C: B -B mode (E0= 10 V, E = 5 V, .s¢ = 10 V) with 10% 

fat zero; 
Curve D: B -B mode with no fat zero. 

RCA Review Vol. 34 March -1973 187 



C -C and the B -B modes. The dotted curve on the right represents 
the calculated transfer loss for free -charge transfer for a 0.4 -mil -long 
storage gates assuming self-induced drift dominates transfer for the 
first 99%, with characteristic time to= 0.75 nsec, and thermal diffusion 
dominates thereafter with time constant of 64 nsec appropriate for 
L = 0.4 mil." 
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Fig. 24-Fractional loss versus clock frequency for registers made on (100) 
substrates operating in C -C mode (E1 = 5 V, E = 0, 45= 10 V). 
Curve A: 5.0 -mil -wide 64 -stage register with 50% fat zero; 
Curve B: 0.5 -mil -wide 128 -stage register with 30% fat zero; 
Curve C: 5 -mil -wide 64 -stage register with no fat zero. 

The variation of transfer loss curves for the C -C mode for regis- 
ters made on (100) substrates are shown ,in Fig. 24. Here again, the 
best fit to data points for curve C indicates N38 = 2.9 X 1010 (cm2 - eV)-t. Curve A shows the transfer loss for a 5 -mil -wide register 
and 50% fat zero. Curve B shows the transfer loss for a 0.5 -mil 
register with 30% fat zero. 

The transfer loss for registers made on (100) substrates operated 
in the B -B mode with two different barrier heights is shown in 
Fig. 25. The most interesting result of these measurements is that 
the registers operated in the B -B mode with relatively small barriers 
have transfer loss that decreased as the clock frequency is reduced. 
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6 Discussion of the Operation of the Registers in the C -C and 
B -B Modes 

Our initial 2 -phase CCD's were made on (111) substrates. Most of 
these devices operated in the B -B mode or near the transition be- 

tween the C -C and B -B mode. To operate these devices in the C -C 

mode, a larger d -c bias had to be applied to the aluminum gates than 
to the polysilicon gates. To assure operation in the C -C mode with 
wide range of substrate bias voltages, the devices for which most 
experimental data is presented were made on (100) substrates with 
a channel -oxide thickness under the aluminum gates of 2400 A. Ac- 

cording to our data, these devices operated in the C -C mode for 
substrate bias voltages ranging from 1 V to about 18 or 20 V. There- 
fore, rather large substrate bias voltages had to be used to obtain the 
B -B mode of operation. To minimize the effect of the dark current in 

the comparison of the transfer losses between the C -C and B -B modes 
for operation with no fat zero, measurements were made on a device 
with low and uniform dark current. The B -B mode of operation was 
also obtained by applying a larger d -c bias voltage to the polysilicon 
gates than to the aluminum gates. 
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Fig. 25-Fractional loss versus clock 
registers made on (100) subs 
Curve A: E.= 5 V, E = 5 V, 
Curve B: Same as A but with 
Curve C: E.= 5 V, E =10 V, 
Curve D: Same as C but with 

1OB 

frequency for 5 -mil -wide 64 -stage 
trate operating B -B modes. 
-1¢ = 10 V, and 10% fat zero. 
no fat zero. 
-SO = 10 V, and 10% fat zero. 
no fat zero. 
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A more quantitative illustration of the biases required for opera- 
tion of the registers in the C -C and B -B modes is given in Figs. 26-28. 
The surface potential curves for the polysilicon and aluminum gates 
were computed for substrate doping of 1016 cm -3 and the flat -band 
voltages were adjusted to conform with the measured threshold 
voltages for the devices made on substrates with (100) orientation, 
i.e., Very (polysilicon)= -0.6V and Vtd(nluminum) = -3V. The C -C mode with 
de bias E0 = -5V and clock voltage swing of 4i = 10V is shown in 

24 

- 20 POLYSILICON 

J 
Q 

W 

Q 12EY , Q= O V 
-- 

, 
I ALUMINUM 

o Q3 GATES 1 24002, 1 

I 

Q 4 

5 IO 15 20 25 30 
GATE VOLTAGE (VI 

Fig. 26-Calculated surface potentials versus gate voltage for polysilicon 
gates and aluminum gates having channel oxides of 1000 A and 
2400 A, respectively, and substrate (loping VD = 1016cm-3. Com- 
plete charge transfer mode is obtained for both gates with the 
same de bias of 5 V and phase voltage swing of 10 V (E, = 5 V, 
E = 0, and 45-1=-10-2=10 V). 

Figs. 26 and 28(b). In this case, -5953 corresponds to the maximum 
signal that can be transferred when the device is operated with over- 
lapping pulses. With nonoverlapping clock pulses, the maximum trans- 
ferable signal corresponds to ,W1. 

The operation of a 2 -phase register in the B -B mode is shown in 
Figs. 27 and 28(c). Here, the transition to the B -B mode was ac- 
complished by maintaining the aluminum gates at a d -c bias voltage 
E0 = -5V, while the d -c bias voltage applied to the polysilicon gates 
is increased to E0 + E = 15V. As a result of this new biasing condi- 
tion, a barrier potential, ..5952' shown in Fig. 28(c), is formed under 
the aluminum transfer gate. Because of this potential barrier, during 
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the continuous operation of the register .in the B -B mode, a conductive 
layer is maintained under the polysilicon gates that operationally 
resembles the diffusions of a bucket -brigade structure. 

1 The transition from the C -C mode to the B -B mode by increasing 
the substrate bias, or the phase bias Eo, while both the polysilicon 
and the aluminum gates are maintained at the same d -c potential, is 
also illustrated in Fig. 27. The cross -over point is obtained by shifting 

POLYSILICON 
GATES 
11000AI 

ALUMINUM 
GATES 
2000 A 1 

10 15 20 25 30 
GA -E VOLTAGE ( V 1 

Fig. 27-Bucket-brigade mode of operation is illustrated for polysilicon 
gates biased with 15 V and aluminum gates with 5 V (E,= 5 V, 
E =10 V, and ..4-1 = 45-2 =10 V) . 

the aluminum gate surface potential by the clock voltage .S¢ = 10V, 
as shown by the clotted line. The intersection of the dotted line with 
the polysilicon gate surface potential is the cross -over bias voltage. 
The calculated value of this cross -over bias voltage of approximately 
20V is in reasonably good agreement with the experimentally observed 
values of 18-20V. 

Another good agreement between the experimental data and the 
calculated operation shown in Figs. 26-28 is the detected output 
voltage swing ..]VO11L. According to the calculations in Figs. 26 and 
28(b), full well signal charge should correspond to a surface potential 
charge, ,553 5V. The value is consistent with the maximum detected 
output signal . V0c = 1.5 to 2V taking into account the total capaci- 
tance associated with the output diffusion CF 1.2 pF and the total 
capacitance of the storage gate C,,, + CD = 0.4 pF. 
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Finally, the difference between the expected charge. transfer char- 
acteristics between the C -C mode and the B -B mode Rs illustrated in 
Fig. 29. As shown in Fig. 29(a) the final transfer of charge in the 
C -C mode is expected" to take place either under the influence of 
thermal diffusion with a time constant. 

TthDiff = 
L82 

2.5D 
[2] 

where D is the diffusion coefficient, or, when applicable, by fringing 
field14 drift with estimated time constant 

TFR Drift = 1/3 ttransit 
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Fig. 28-(a) Surface potential profiles for 2 -phase charge -coupled struc- 
ture; (b) operating in the C -C mode; and (c) in the B -B mode. 
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Here, ttraneft represents the transit time of a single carrier in the 
fringing field. 

In the case of operation of 2 -phase CCD's in the B -B mode, the 
initial charge transfer process is expected to he similar to the C -C 
mode except that the critical length is the transfer gate Lt. But be- 
cause of the presence of the potential barrier under the transfer gate, 
the final transfer of charge is expected to involve injection of the 
charge across the barrier as illustrated in Fig. 29(b). 
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Fig. 29-Comparison of the charge transfer characteristics (a) for the 
C -C mode and (b) for the B -B mode. 

After the charge in the first well is reduced below the barrier under 
the transfer gate, thermal diffusion will continue with time constant 
TBr 

LBLr ER 
TB = exp - , 

D kT 
[4] 

where EB represents the difference between the quasi -Fermi level for 
NB/AS and the flat barrier voltage under the transfer gate. The ex- 
pression for TB assumes no fringing field under the transfer gate.* 

* The experimental demonstration of the C -C and B -B modes of opera- 
tion of 2 -phase CCD's and the proposed model illustrated in Fig. 29(b) 
were originally described by the authors at the 1972 ISSCC in Philadelphia. 
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An interesting effect was observed concerning the fractional loss 
per gate as a function of frequency for devices operating in the B -B 

mode with a small barrier voltage, see curves A and B in Fig. 25. 

For operation with fat zero, Curve A, the transfer loss continued to 
decrease as the clock frequency was reduced. On the other hand, with- 
out fat zero, Curve B, a sharp decrease in the transfer loss was ob- 
served as the clock frequency was reduced below 100 KHz. 

7. Conclusions 

Two-phase charge -coupled devices were developed in the form of poly - 
silicon gates overlapped by aluminum gates. Experimental data have 
been presented for the operation of 64- and 128 -stage registers. The 
two-phase operation in the complete charge -transfer mode was ac- 
complished over a wide range of substrate bias voltages for devices 
made on n -type substrates with (100) orientation and having resistiv- 
ity of 0.5 to 1.0 ohm -cm and channel oxide thickness of 1000 A for the 
polysilicon gates and 2400 A for the aluminum gates. 

Charge transfer loss of 5 x 10-5 per gate was achieved in the 
operation of the best 5 -mil -wide registers operating with a constant 
circulating charge-the fat zero. These results were found to be in 
good agreement with the expected charge -transfer efficiency resulting 
from incomplete free -charge transfer. The tests of the experimental 
charge -coupled shift registers showed that without fat zero, the 
charge -transfer losses are mainly due to the charge trapping by the 
fast interface states of the Si-SiO_ interface. The fast interface 
densities estimated from the experimental work for devices made on 
(111) substrate were Nqq = 1.2 x 1011 (cm2 - eV) -1 and for (100) 
substrates Nqq = 2.9 x 1010 (cm2 - eV) -1. 

The tests showed a higher transfer loss in narrower registers. A 
test of one set of devices made with 5.0, 1.0, and 0:5 mil -wide channels 
operated with up to 50% fat zero at 100 KHz gave transfer losses of 
5 x 10-5, 10-1, and 3 X 10-1, respectively. 

A comparison of the complete charge -transfer mode (C -C mode) 
and the bias -charge or bucket -brigade mode (B -B mode) of operation 
of the registers showed that at 1.0 -MHz clock frequency the complete 
char ge-transfer mode is greater than 10 times more efficient than the 
bias charge mode. At higher clock frequencies, such as 10 MHz, the 
two modes of operation were found to have about the same charge - 
transfer efficiency. Both of these results were obtained with fat -zero 
operation. For operation without fat zero, the charge -trapping -like 
transfer losses for the B -B mode were found to be larger than for the 
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C -C mode. This effect was clearly demonstrated in registers made on 
(100) substrates. 
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Fig. 30-Typical results obtained from computer analysis of channel con- 
finement problem. 

Appendix 1-Channel Confinement 

In CCD operation the signal charge must be confined to a narrow 
potential well called the channel. This channel should provide a deep 
and abrupt potential well where the surface potential changes in 
response to the clock pulse voltages. The region outside of the channel, 
the field region, should be insensitive to clock voltage changes and 
should be in accumulation. 

There are three general methods for channel confinement: 
(1) two thicknesses of oxide or thick field oxide, 
(2) guard ring diffusion on "channel stops", and 
(3) electrostatic guard rings in the form of polysilicon layers. 

Computer analyses of the channel confinement problem using 
channel stop diffusions and two thicknesses of oxide have been made" 
and typical results for two thicknesses of oxide are shown in Fig. 30. 

These computer studies were performed by Lish-Yann Chen. 
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10 

The surface potential cross-section is shown for several different sub- 
strate dopings for 10 -µm -wide channels and either 10-µm or 4-µm 
wide thick oxide regions. The wells are more abrupt, but shallower at 
higher doping. As illustrated, the two -oxide method works well for 
devices with relatively low resistivity substrates. This approach also 
is more effective for silicon substrates with (111) orientation rather 
than for the substrate with (100) orientation. (100) orientation has 
lower fixed oxide charge. On the other hand, the (100) substrates are 
preferable as they also have lower densities of fast interface states. 
However, probably the most serious limitation of using thick field oxide 
for channel confinement is the more difficult land lower yield definition 
of the metallization over the steps in the oxide. Similar computer 
investigations have been made for channel confinement using guard 
ring diffusions shown in Fig. 31. The diffusion guard ring approach 
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Fig. 31-Computer analysis of channel confinement using guard ring 
diffusions. 

is applicable to high resistivity substrates and also provides for the 
simplest processing for large -area devices. Ideally the diffusion channel 
stops should be very abrupt and relatively low -doped (1017 to 
1018/cm-3). 

The important difference between the first two methods of channel 
confinement and the 1 olysilicon electrostatic guard rings, also referred 
to as polysilicon field shield, is that in the later case the surface 
potential at the channel stop can be determined by an externally con- 
trolled potential. Thus, the regions between the CCD channels can be 
accumulated or held at any other surface potential. 
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Appendix 2-Trailing Pulse Amplitude for Case of Free Charge Losses 
(e Independent of Signal Level) 

It is desired to find the general expression for the amplitude jth trail- 
ing pulse after the last "1" in a string of "1's", after being transferred 
to the ith gate, pf(i), when the loss at each gate is a fixed fraction a of 
the charge transferred. It is assumed that the string of "l's" is long 
enough for the pulses to reach the full input amplitude, po. Consider 
the first trailing pulse after the last "1", pl(i). When the last "1" 
transfer from gate 1 to gate 2, it leaves behind epo; therefore, 

Pi (1) = Epo [5] 

At gate 2, the last "1" leaves behind another 00, and (1 - e)p1(1) is 
transferred from gate 1 to gate 2 so that 

p1(2) = 2Ep0 - e2po 

Likewise, 

13,1 (3) = 3(2p0 + E3po 

[6] 

[7] 

By proceeding in this manner, one can establish that the general ex- 
pression for the first trailing pulse after i transfers is 

= 
k~1 

-1)k+1 
(ki/ \/101>Ek, 

2 

where ( is the binomial coefficient 
k 

(i i! 

k) (i-k)!k! 

[81 

[9] 

The generalized expression for the amplitude of the jth trailing 
pulse after i transfers is given by 

i+j-1 k --j-2 
Pi(i) = po E (-1)k+, ek+i-1 . 

[10] 

k=1 
j-1 
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If this analysis is correct, then the sum of all trailing pulses at any 
instant in time should be equal to Epo times the number of transfers 
made by the last "1". 

Total loss = ENopo = 
Ng 

j=1 

pj(Ng-j+1). [11] 

Note that w hen the last "1" has made Ng transfers, the first trailer 
is at i = N0, the second at i = N0- 1, etc., so the index is N,- j + 1. 

Total Loss = o 

tg 

j=1 

1'g-i+ 
Ng 

(-1)k+1 
k+ j- 

Ek+j-1 
(k+j-1 C j-1 k=1 

This double sum is best evaluated by examining the sum of terms in 
like powers of , say Er. If k + j = r, then the second sum is removed 
and only the k = r +1 - j term used. 

Coefficient of Er term 

N9 

= poE (-1)'.-j Er 

j=1 

Ng1 
= poI¡ f er(-1 

However, provided u 0, the sum: 

u E(_i),( =O. 
vo / 

-1) 

j=1 

[13] 

r-1 
-1)i-1 . j-1 

[14] 

This is the same as the sum in Eq. [13] for all r except r = 1; there- 
fore, the coefficients of all terms of E'' for r >1 are zero. Thus, as can 
be seen by evaluating Eq. [13] for r = 1 and j= 1, the total loss is 
given by poENg, as expected. 

Appendix 3-Analysis of Voltage Buildup and Decay on RC -Line* 

Consider a line with resistance per unit length p and with capacitance - 
to -ground per unit length c. For such a line the differential equation 
for the voltage is 

* This analysis was prepared by E. G. Ramberg of RCA Laboratories. 
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DV 1 a2v -=-- (C,p assumed constant) . 

at cp ax2 
[15] 

For voltage buildup on a line terminated at x = L, the boundary con- 
ditions are 

av 
V(0,t) = Vo; - (L,t) =0; V(x,0) = 0, 0<x 5 L. [16] 

ax 

With these boundary conditions the solution of Eq. [15] becomes 

V= Vo+E A(t) sin 
n=o 

C(2n + 1)7rx l. 

An(t) obeys the differential equation 

dAn ( (2n + 1)7r 2 1 

+I -An=O 
dt \ 2L cp 

with the boundary condition 

2Vo 
An(0) = - -J sin 

L 
o 

The solution of Eq. [18] is 

[17] 

[18] 

(2n+1) -x 4Vo 1 

dx = [19] 
2L 7r 2n+1 

4Vo 1 2 t 
A _ {-[(2n 

+ 1)- - -exp -} . 

7r 2n+1 2L cr 

Substituting Eq. [20 1 in Eq. [17] leads to 

and 

[20] 

4» 1 (2n+ (2n+ 1)r 2 
t - V=Vo(1- l 

cp 7r r --:102n + 1 

sin 
2L 

exp 
[ 2L J 
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4 (-1)" (2n 1)7r z t 
[22] V(L,t) = Vo 1 

( 
- - 

7r _ 2n + 1 

exp-/ 
2L cp 

For voltage decay, the boundary conditions, also for the line termi- 
nated at L, are 

1.0 

5 

2 

0.1 

8 0.05 
J 

o 
E 
> 

J 
0.01 

0.005 

0.002 

0.0010 
0.5 1.0 1.5 

TRt 

2.0 2.5 30 

Fig. 32-Normalized transient response at end of RC transmission line. 

aV 
V(0,t) = 0; - (L,t) = 0; V(x,0) = Vo, 0 < x S L. [23] 

ax 

The procedure for solving Eq. [15] is similar to that for voltage build- 
up and leads simply to 

4V0 1 (2n+1)7rx (2n+ 1)r 

- 

t 
[` V(x,t) =- ) 

Tr =02n + 1 

sin ex I 
C 2L ) 2L cp 

4Va °° (-1)" (2 1)a 2 t 
) ( P V L,t = - ex 

r rn + 
[25] j -I - 

a 0...2n + 1 l L 2L cp 
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CHARGE -COUPLED DEVICES 

-25 V 

VOUT, 2 

POLVSILICON 
GATE 

Fig. 33-Test circuit used to verify delay time. 

The normalized transient response at the end of the RC transmission 
line of length L is plotted in Fig. 32. 

The test circuit shown near the bottom of the chip in Fig. 2 was 
used to experimentally verify the delay time of a long, 100 -mil -long 
polysilicon gate. Fig. 33 schematically shows the entire test circuit 

5 
I-ISV 

1/ ' 
-o.I µsec 

(o) 

VIN 

VOUT, I 

2V 

0 
I O V VIN 

o.IN.sec 
(b) 

VOUT, 2 

VOUT,I V0UT,2 

Fig. 34-Detected output (a) where the channel under the polysilicon gate 
is always in inversion and (b) where it is driven from accumula- 
tion into inversion. 
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for this experiment. The structure consisted of two MOS devices 
driven by a single, long polysilicon gate that was placed over 1000- 

A -thick channel oxide. The gate was 100 mils long and 0.4 mils wide. 
The sheet resistance of the polysilicon used in this test was approxi- 
mately 80 ohm ) er square so that the total resistance was 20 kilohms. 

Fig. 34 shows actual oscilloscope traces of the detected output 
VOUT,t and V01..,.,2 for the case (a) where the channel under the poly - 
silicon gate was always in inversion and (b) where the channel was 
driven from accumulation into inversion. The measured delay at 90% 
build-up in (a) of about 70 nsec is consistent with the predicted time 
constant of 80 nsec using the inversion layer capacitance of 0.1 pF/mil2. 
(Total capacitance of the gate in this case is 4 pF.) In case (b), 
assuming the effective capacitance corresponds to the accumulation 
capacitance of 0.2 pF/mil2, the predicted delay is approximately 160 

nsec, which is also consistent with the observed delay of about 130 nsec. 

References: 
1 W. S. Boyle and G. E. Smith, "Charge -Coupled Semiconductor Devices," Bell System 
Tech. J., Vol. 49, p. 587, April 1970. 
Z W. F. Kosonocky and J. E. Carnes, "Charge -Coupled Digital Circuits," Digest Tech. 
Papers IEEE Solid State Circuit Conf., p. 162, Feb. 19, 1971. 

3 W. F. Kosonocky and J. E. Carnes, "Charge -Coupled Digital Circuits," IEEE J. Solid - 
State Circuits, Vol. SC -6, p. 314 (1971). 

G. Amelio, "A Little Bit on Charge -Coupled Devices," International Electron Devices 
Meeting, Washington, D.C., Oct. 11-13, 1971. 

R. H. Krambeck, R. H. Walden, and K. A. Pikar ,"Implanted Barrier Two -Phase CCD," 
International Electron Devices Meeting, Washington, D.C., October 11-13, 1971. 
6 G. F. Amelio, M. F. Tompsett, and G. E. Smith, "Experimental Verification of the 
Charge Coupled Device Concept," Bell System Tech. J., Briefs, Vol. 49, p. 593, April 
1970. 

M. F. Tompsett, et al., "Charge -Coupled 8 -Bit Shift Register," Appl. Phys. Letters, 
Vol. 17, p. 111 (1970). 
8 F. L. J. Sangster and K. Terrm, "Bucket -Brigade Electronics-New Possibilities of 
Delay, Time Axis Conversion, and Scanning," IEEE J., Solid State Circuits, Vol. SC -4, 
p. 3, June 1969. 
°F. L. J. Sangster, "Integrated MOS and Bipolar Analog Delay Lines Using Bucket - 
Brigade Capacitor Storage," ISSCC Digest of Technical Papers, Vol. XIII, p. 74, 
1970. 
'0 R. D. Melen and J. D. Meindl, "One -Phase CCD: A New Approach to Charge -Coupled 
Device Clocking," IEEE J. of Solid -State Circuits, Vol. SC -7, Feb. 1972, p. 92. 

" J. E. Carnes and W. F. Kosonocky, "Fast Interface State Losses in Charge -Coupled 
Devices," Appl. Phys. Ltrs., Vol. 20, p. 261, April 1, 1972. 

2 M. F. Tompsett, "The Quantitative Effects of Interface States on the Performance of 
Charge -Coupled Devices," IEEE Trans. on Electron Devices, Vol. ED -20, p. 45, Jan. 
1973. 
13 J. E. Carnes, W. F. Kosonocky and E. G. Ramberg, "Free Charge Transfer in 

Charge -Coupled Devices," IEEE Trans. on Electron Devices, Vol. ED -19, No. 6, p. 798, 
June 1972. 
14 J. E. Carnes, W. F. Kosonocky and E. G. Ramberg, "Drift -Aiding Fringing Fields in 
Charge -Coupled Devices," IEEE J. Solid State Circuits, Vol. SC -6, p. 322 (1971). 

202 RCA Review Vol. 34 Maich 1973 



Recent Papers by RCA Authors 

Listing is alphabetical by name of publication. For copies of reprints, the reader 
should contact the publication directly. 

D. Vilkomerson, "Analysis of Various Ultrasonic Holographic Imaging Methods for 
Medical Diagnosis," Acoustical Holography, (Book) Vol. 4, p. 401 

D. P. Bortfield and H. Meier, "Refractive Indices and Electro -Optic Coefficients of the 
Eulites Bi4Ge3O12 and Bi4Si3O12," Applied Physics, J. of, Vol. 43, p. 5110, Dec. 1972 
M. Ettenberg, H. F. Lockwood, H. S. Sommers, Jr., "Radiation Trapping in Laser Diodes," 
Applied Physics, J. of, Vol. 43, p. 5047, Dec. 1972 
R. U. Martinelli, M. L. Schultz, and H. F. Gossenberger, "Reflection and Transmission 
Secondary Emission from GaAs," Applied Physics, J. of, Nov. 1972 
A. R. Moore and J. W. Davenport, "Acoustoelectric Domains in GaAs: On and Off Axis," 
Applied Physics, J. of, Vol. 43, p. 4513, Nov. 1972 
W. E. Ham, "Surface -Charge Effects on the Resistivity and Hall Coefficient of Thin 
Silicon -on Sapphire Films," Applied Physics Lett., Vol. 21, p. 440, Nov. 1972 
A. C. Ipri, "Accumulation and Inversion -Layer Hall Mobilities in Silicon Films on 
Sapphire," Applied Physics Lett., Vol. 22, p. 16, Jan. 1973 
V. S. Ban, "Mass Spectrometric and Thermodynamic Studies of the CVD of Some III -V 
Compounds," Crystal Growth, J. of, Vol. 17, p. 19, 1972 
G. W. Cullen and F. C. Dougherty, "Silicon on Spinel: The Interaction Between Depo- 
sition Constituents and the Substrate Surface," Crystal Growth, J. of, Vol. 17, p. 230, 
1972 
B. J. Curtis and J. P. Dismukes, "Effects of Natural and Forced Convection in Vapor 
Phase Growth Systems," Crystal Growth, J. of, Vol. 17, p. 128, 1972 
G. E. Gottlieb and J. F. Corboy, Jr., "The Development of a Dual Rate Technique for 
the Growth of Silicon -on -Sapphire Films," Crystal Growth, J. of, Vol. 17, p. 261, 1972 
J. L. Vossen and E. B. Davidson, "The Interaction of Photoresists with Metals and 
Oxides During RF Sputter -Etching," Electrochemical Soc., J. of, Vol. 119, p. 1708, Dec. 
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con," IEEE Proc., Oct. 1972 
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Patents Issued to RCA Inventors 

October 

G. A. Alphonse Sonic Page Composer for Holographic Memory (3,698,794) 
J. M. Assour Avalanche Diode (3,696,272) 
J. Avins and J. Craft Automatic Frequency Control Circuits (3,697,885) 
B. W. Beyers and L. L. Tretter Communications Among Computers (3,699,529) 
E. J. Boleky Ill Semiconductor Device Including Fusible Elements (3,699,395) 
E. J. Boleky Ill Fusible Semiconductor Device Including Means for Reducing the 
Required Fusing Current (3,699,403) 
D. R. Bosomworth Character Generator Utilizing a Display with Photochromic Layer 
(3,700,791) 
J. R. Burns Memory Subsytsem Array (3,701,984) 
S. Caplan and M. F. Lamorte Semiconductor Laser Devices Utilizing Light Reflective 
Metallic Layers (3,701,047) 
E. W. Christensen II and R. D. Eudaly Deflection Yoke Mount (3,697,909) 

B. P. Clay Holographic Multicolor Technique (3,695,744) 
L. A. Cochran Color Compensating Network for an Integrated Circuit Television Re- 
ceiver (3,701,844) 
J. Craft Peak -to -Peak Detector (3,701,022) 
J. A. Dodd, Jr. and R. A. Geshner Method of Making a Graded Photoprinting Master 
(3,698,903) 
W. J. Donoghue Signal Generating Circuit Including a Pair of Cascade Connected 
Field Effect Transistors (3,697,777) 
E. C. Douglas Method of Projection Printing Photoresist Masking Layers, Including 
Elimination of Spurious Diffraction -Associated Patterns from the Print (3,697,178) 

R. N. Epifano and E. L. Jordan Method of Making a Semiconductor Device Including 
a Polyimide Resist Film (3,700,497) 
N. Feldstein Method of Metallizing an Electrically Insulating Surface (3,697,319) 

E. C. Giaimo, Jr. Apparatus for Charging a Recording Element with an Electrostatic 
Charge of a Desired Amplitude (3,699,335) 
E. A. Gronka Hight Voltage Processing of Cathode Ray Tubes (3,698,786) 
P. E. Halerl Deflection and Pincushion Correction Circuit (3,700,958) 

L. A. Harwood and E. J. Wittmann Amplifiler Circuits (3,699,257) 
P. M. Heyman Method of Improving Cathodochromic Sensitivity (3,700,804) 

A. Hildebrants Cathode Ray Tube Implosion Protection System and Method (3,697,686) 

G. M. Hunter Memory System Including Buffer Memories (3,699,533) 

G. E. Kelly Safety Apparatus for Hot -Chassis Electronic Instruments (3,699,562) 

L. B. Kimbrough Apparatus and Method for Applying a Bead of Sealing Material to a 

Sealing Surface of a Cathode -Ray Tube (3,701,674) 
L. R. Kirkwood, L. A. Cochran, and R. D. Altmanshofer Color Compensating Network 
with Range Limitation (3,701,842) 
M. F. Lamorte Method of Making Semiconductor Devices (3,697,336) 

N. R. Landry, R. J. Meson, W. H. Schaedla, and W. T. Patton Flexible and Slidable 
Wavegulde Feed System for a Radiating Horn Antenna (3,698,000) 
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J. J. McCardle and R. L. Rauck High Voltage Hold Down Circuit (3,697,800) 
C. F. Madrazo, E. M. Fulcher, and K. P. McDonagh Gate Circuit (3,699,355) 
R. A. Mancini Crystal Controlled Digital Logic Gate Oscillator (3,699,476) 
J. C. Marsh, Jr. Automatic Degaussing Apparatus for Minimizing Residual Curring 
During Steady State Operation (3,699,400) 
M. E. Miller Phonograph Pickup with Self Formed Female Receptacles (3,699,268) 
J. W. Mirsch Color Picture Tube Beam Convergence Apparatus (3,701,065) 
L. A. Murray Method of Making Complementary Insulated Gate Field Effect Transistors 
(3,700,507) 
K. J. Phillips Nutation Damping in Dual -Spin Spacecraft (3,695,554) 
F. R. Ragland Method of Assembling and Mounting an Aperture Mask in a Mask - 
Panel Assembly of Cathode -Ray Tube Using a Full Surface Spacer (3,701,193) 
F. E. Richter Fabricating Relatively Thick Ceramic Articles (3,695,960) 
A. N. Saxena Schottky Barrier Diode and Method of Making the Same (3,700,979) 
R. E. Simon and B. F. Williams Negative Effective Electron Affinity Emitters with Drift 
Fields Using Deep Acceptor Doping (3,699,404) 
H. Sorkin and R. I. Klein Fabrication of Liquid Crystals Devices (3,698,057) 
R. R. Speers Method for Forming Isolated Semiconductor Devices (3,695,956) 
J. Stark, Jr., and D. H. Carpenter Hue Control Circuit for a Color Television Receiver 
(3,701,845) 
S. A. Steckler Electronic Signal Amplifier (3,701,032) 
H. A. Stern Fabrication of Liquid Crystal Devices (3,701,368) 
R. G. Stoudenhiemer and R. P. Dourte Photocathode Comprising Layers of Tin Oxide, 
Antimony Oxide, and Antimony (3,697,794) 
J. J: Tietjen, B. F. Williams, and C. C. Wang Photoemissive Electron Tube Comprising 
a Thin Film Transmissive Semiconductor Photocathode Structure (3,699,401) 
M. Van Renssen Method of Assembling a Mask with a Frame Assembly for Mounting 
in Cathode -Ray Tube Using a Remote Assembly Position (3,701,185) 
C. G. Warner and J. H. Kade Reversible Fixture for Positioning Magnetic Memory 
Cores (3,698,057) 
H. R. Warren Web Transport Apparatus (3,700,152) 
P. K. Weimer Signal Transfer System for Panel Type Image Sensor (3,696,250) 
J. G. Williams Computer with Probability Means to Transfer Pages from Large Memory 
to Fast Memory (3,701,107) 
J. M. Yongue Mounting Attachment for a Modular Substrate (3,697,817) 

November 

C. J. Alduck and R. A. Mancini Zero Crossing Point Switching Circuit (3,702,941) 
S. F. Burtls Process for Forming an Isolated Circuit Pattern on a Conductive Sub- 
strate (3,704,207) 
J. A. Castellano Liquid Crystal Color Displays (3,703,329) 
S. B. Deal and D. W. Bartch Method for Preparing the Viewing -Screen Structure of 
Cathode -Ray Tube (3,703,401) 
A. G. F. Dingwall Shaped Riser on Substrate Step for Promoting Metal Film Con- 
tinuity (3,703,667) 
M. T. Duffy MOS Transistor with Aluminum Oxide Gate Dielectric (3,702,786) 
J. E. Goldmacher and G. H. Heilmeier Liquid Crystal Display Element Having Storage 
(3,703,331) 
W. J. Hannan, J. P. Russell, and A. H. Firester Relief Phase Holograms (3,703,407) 
R. C. Heuner and R. P. Fillmore Field -Effect Transistor Circuit for Detecting Changes 
in Voltage Level (3,702,943) 
H. Kawamoto and E. L. Allen, Jr. Broadband Microwave Apparatus Using Multiple 
Avalanche Diodes Operating in the Anomalous Mode (3,702,971) 
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A. Macovski Decoding of Color -Encoded Phase Grating (3,702,725) 
E. C. Ross Variable Threshold Memory System Using Minimum Amplitude Signals 
(3,702,990) 
R. R. Russo Process for Forming a Conductive Coating on a Substrate (3,704,208) 
G. W. Steudel Voltage -Controlled Oscillator Using Complementary Symmetry MOSFET 
Devices (3,702,446) 
G. W. Taylor Light Modulator and Display Device (3,703,332) 

December 

T. A. Bridgewater Motor Control Circuit (3,706,016) 
R. H. Dean Semiconductor Device (3,706,014) 
W. J. Gorkiewicz and J. A. van Raalte Achromatic Depth -of -Field Correction for Off - 
Axis Optical System (3,704,936) 
M. L. Levene Light Beam Scanning (3,707,723) 
A. L. Limberg FM Stereophonic Receiver Detection Apparatus and Disabling Means 
(3,707,603) 
L. M. Lunn Video Blanking and Audio Muting Circuit (3,707,597) 
F. I. Palmer and J. R. Fogleboch Wide Dynamic Range Product Detector (3,705,355) 
R. D. Scott Aerial Photography (3,707,254) 
I. Shldlovsky Cathodochromic Sodalite and Cathode Ray Tube Employing Same 
(3,705,323) 
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