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Analysis of Transport Processes During 
Holographic Recording In Insulators* 

Juan J. Amodei, RCA Laboratories, Princeton, N. J. 

Abstract-This paper presents a discussion of drift and diffusion processes that 
give rise to charge migration in insulators exposed to spatially varying 

light patterns. The resulting fields and distribution of trapped charges 
are calculated for the case of sinusoidally varying interference patterns 
such as those corresponding to plane wave holograms. A comparison 
of the two processes shows that diffusion would dominate in holo- 
graphic recording when the electric fields applied are less than 1600 

V/cm and the fringe spacing less than 1 µ m. The electric fields re- 

sulting from the two processes are spatially in quadrature. It is also 

shown that insufficient trap density could be a factor contributing to 
resolution limitations, and that diffusion length is not likely to be an 

important consideration in determining resolution. 

Introduction 

When free carriers are excited by light of nonuniform intensity dis- 
tribution within an otherwise insulating material with an applied 
electric field, the carriers migrate and generate regions of unneutralized 
charge that persist after the light is removed. This type of phenomenon 
was proposed by Chen' to explain the "optical damage" effects in KTN 
and other electro -optic crystals following exposure to high -intensity 
laser beams.' Chen, LaMacchia, and Fraser' later reported the storage 
of high -efficiency holograms in LiNb03 through a similar "damage" 
effect that was attributed to the presence of polarization -induced in- 
ternal fields in these ferroelectric crystals. A similar approach was 

taken by Thaxter' to record holographic patterns in strontium-barium 
niobate crystals by applying a strong electric field during exposure. 
The results of all these experiments were qualitatively explained on 
the basis of drift of excited carriers under the influence of the electric 
fields, inherent or applied. The space -charge fields generated by the 

* Work supported in part by the Naval Air Development Center, De- 
partment of the Navy. 
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drift and subsequent retrapping modulate the index of refraction 
through the electro -optic effect, giving rise to a phase hologram. A 
similar effect can be obtained through thermal diffusion, even in the 
absence of an electric field.' 

An alternative theory was presented by Johnston,' who proposed a 
light -generated polarization pattern to explain index damage effects in 
pyroelectric crystals and was used by Townsend and LaMacchia' to 
explain holographic storage effects in BaTiO;;. Johnston points out 
that the defects or traps in these crystals may contribute a macroscopic 
polarization along the c -axis, which would vary as the concentration of 
filled traps. Ile proposes that the drift field seen by Chen' is the 
result of the change in density of filled traps as electrons are excited 
to the conduction band. Because of the diffuse nature of the conduction - 
band states, he argues that these free electrons contribute no dipole 
moment so that the process gives rise to a net change in polarization 
in the illuminated region. Since the divergence of the polarization 
constitutes an effective space charge, he postulates that a drift field 
along the c -axis is generated in the illuminated region. This field is 
seen as the one responsible for the net drift of electrons out of the 
illuminated areas and into dark regions, causing a more permanent 
change in the dipole density. Johnston attributes the modulation 
of the index of refraction to these variations in polarization, which 
persist after the internal fields have relaxed. There are many con- 
ceptual difficulties with this model, such as the extremely high density 
of free electrons required to generate the large fields necessary to 
account for the observed effects. Nevertheless, it is conceivable that 
in some crystals with the proper concentrations of polar centers, these 
large changes in polarization cotld occur through transfer of charge 
between localized centers of different nature creating index changes 
without need for drift or migration. This possibility is discussed in 
more detail. 

Regardless of the alternative mechanisms that can give rise to 
index variations, there is no question that transport processes, namely 
drift and diffusion, do take place in any material exposed to nonuniform 
illumination. It is also clear that the resulting migration may give 
rise to sufficient space -charge accumulation to explain the magnitude 
of the observed holographic storage effects, and that the effect may 
have other interesting applications. Therefore, it is the purpose of this 
paper to present a simple model to be used as foundation for quanti- 
tative analysis of drift and diffusion in holographic recording, to help 
evaluate the relative role of these two processes, and to guide the choice 
of the model best suited to explain the experimental results in a given 
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TRANSPORT PROCESSES 

material. While some of the previously proposed models are restricted 
to pyroelectric crystals, the space -charge field formation due to diffusion 
or applied fields analyzed here constitutes a fundamental process that 
would take place in any insulator with traps regardless of crystal 
structure. The shape, magnitude, phase, and rate of development of 
these fields when the light intensity pattern is sinusoidal are the subject 
of this paper. 

General Considerations 

Since any arbitrary interference pattern can be decomposed into a 
superposition of sinusoidal intensity distributions, we can greatly 
simplify our treatment by dealing exclusively with sinusoidal patterns. 
Even though some of the phenomena to be discussed are nonlinear in 
nature, so that, strictly speaking, superposition can not be used to get 
the resultant field pattern, this treatment should provide a good first - 
order approximation over a rather wide operating range. 

The interference pattern generated by two plane waxes of light of 
wavelength A intersecting at an angle 9 is given by 

1(x) = 10(1 + m cos Kx), [11 

where x is the direction in the plane of the two beams perpendicular 
to their bisector, m is the modulation ratio, 

= the wavelength of the interference pattern. 
2 sin 0/2 

Assume that this pattern is applied to a nearly transparent in- 
sulator that has a uniform distribution of trapped electrons that can 
be excited to the conduction band by light of this wavelength. (Al- 
though the word electron is used throughout, it is clear that the 
analysis applies equally well vl hen holes or other charged particles are 
the carriers). For an optical absorption cross section of the trapped 
electron given by a, a concentration N, and a light frequency 00, the 
volume generation rate g(x) of free electrons can be written as 

I ooN 
g (x) = [1 + m cos Kx], tt [2] 

RCA Review Vol. 32 June 1971 187 



where h is Planck's constant. 
If the diffusion length of the free electron is substantially shorter 

than the wavelength of the interference pattern, 1, the free carrier 
concentration would remain a faithful replica of the generation rate. 
In fact, if one assumes that the trapping time (T), is not a function 
of concentration of free carriers, the free electron density n(x) would 
be given by 

rI ovN 
n(x) rd (x) = [1 -}- m cos Kx], 

hw 

or, defining a concentration, no, by 

rl ouN 
no = 

h t, 

the concentration of free electrons can be written as 

n(x) no [1 + m cos Kx]. 

[3] 

[4] 

[5] 

It will be assumed in this analysis that the concentration of trapped 
electrons, N, is sufficiently large that the variations due to charge 
migration are negligibly small and leave the generation rate and trap- 
ping time essentially constant during the process. Thus, n(x) will be 
assumed to be given by Eq. [5] for all times. 

The above free -carrier distribution would give rise to inhomogeneous 
current densities via diffusion and drift, resulting in a net migration 
and retrapping of electrons away from regions of high -intensity light. 
The resulting trapped space charge gives rise to electric fields. In an 
electro -optic crystal these fields can modulate the index of refraction 
and thus generate a hologram. The contributions to the field due to 
local change in density of impurity dipoles will be neglected because, if 
one assumes the model proposed by Johnston, these contributions will 
be much smaller than those of the space charge. 

Analysis of Field Build-up Through Drift and Diffusion Effects 

If the material is isotropic or if the x direction is along one of the 
crystallographic axes, the spatial distribution of the current is given 
by the sum of the diffusion and drift components as 

dn 
J(x) = 9P-+gnf nE(x), 

dx 
[6] 

188 RCA Review Vol. 32 June 1971 



TRANSPORT PROCESSES 

where q is the electronic charge 

D is the diffusion constant for electrons, 

µ is the mobility for electrons, 

E(x) is the total electric field, which is assumed to be in the 
x direction. 

Now, the rate at which space -charge density, p, accumulates at any 
point is given by the continuity equation 

dp -_ -V J, 
dt 

[7] 

which, for our one-dimensional case, reduces to 

dp dJ d2n do dE --=-=qD,a-+qµE-+qµ,,n-. [8] 
dt dx dx2 dx dx 

Hence, the build-up in charge density can be expressed formally by 
the integral 

dJ 
p(t) _ - dt, 

dx 
0 

[9] 

which, in general, cannot be solved exactly for our problem. 

Given the charge density, an expression for the electric field at any 
time can be calculated by 

E (x) = f dx + Ea, [10] 

where is the static dielectric constant of the material. 
Quantitative results and better insight into the relative importance 

of drift and diffusion can be attained by considering two specific 
situations: (1) the case where there is a do field high enough that the 
diffusion component of current can be neglected compared to the drift 
component, and (2) the case in which there is zero applied (or in- 
herent) electric fields. 
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1. Constant Applied Electric Field Dominant 

Assuming at first that we restrict our observation to times short 
enough that the varying portion of the field, which is due to the space 
charge, Ep(x), is much smaller than the applied field itself, we can 
write 

E(x) = Ep(x) + F,° E°. 

For this situation, 

dJ dn - gµnE° - 
dx dx 

Assuming a sinusoidal pattern for n(x) as given by Eq. [5], and 
using Eq. [9], one obtains an expression for the charge built up; 

p(t) (qµE°n°mK sin Kx)t. 

The spatially varying portion of the field would then be given by 

p - gµnnoEom 
Ep(x) = % -dx =-«- cosKx I t. 

E E 

[12] 

[13] 

That is, the net electron drift caused by a large uniform electric field 
applied to the material with a sinusoidal excited carrier distribution, 
would give rise to a trapped charge density that is also sinusoidal and 
90° out of phase with the light intensity pattern. This charge density 
would initially give rise to a spatially sinusoidal electric field whose 
peaks occur at the high -intensity minima of the light interference 
pattern. It can also be seen from Eq. [13] that the factor determining 
the build-up rate of the field is the ratio of the photogenerated con- 
ductivity to the dielectric constant qµn°/E, which constitutes the in- 
verse of the RC time constant for the material at the given level of 
illumination. This is a simple quantity to determine experimentally. 

As the inhomogeneity in the current density continues to build up 
space charge, the effect of the resulting field, Ep(x), on the transport 
pattern can no longer be neglected, and Eq. [13] becomes a poor 
approximation. When the equilibrium distribution is actually reached, 
however, a simplified analysis can again be used to find the magnitude 
and spatial dependence of the field. 

From an inspection of Eq. [9] it is apparent that steady-state con - 
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TRANSPORT PROCESSES 

ditions will be reached when the current density becomes uniform; 
that is, 

dJ -= 0. 
dx 

At equilibrium, therefore, it follows that 

[14] 

d2n dn dE 
qD-+qµE-+qµn-=0. [15] 

dx2 dx dx 

Again, under the assumption of large applied electric field, Eq. [15] 
reduces to 

dn dE E-+n-=0, 
dx dx 

which may be integrated directly to yield 

E(0) (1 + m) 
E(x) - 

1 + m cos Kx 

[16] 

[17] 

where E(0) is the electric field at the edge of the sample (x = 0) and 
its value depends on the boundary conditions (i.e., whether the voltage 
across the sample is fixed or the charge density at the surface is fixed). 
Only for m « 1 does this expression give a sinusoidal field. For that 
case, 

E(x) -E (0)m cos Kx. [18] 

One should point out here again that the above assumes n(x) to 
be given by Eq. [5] and to remain unchanged during the build-up to 
equilibrium, a condition that requires a large trapped -charge concen- 
tration. If during the rearrangement process one depletes most of the 
trapped electrons from the regions of high -intensity light, this assump- 
tion will not hold; in this case, the field will come to equilibrium at a 

lower value. This is discussed in more detail in the section on resolu- 
tion. The above analysis also shows that, for the case of a drift - 
generated field, there is no distortion of the sinusoidal shape of the 
interference pattern being recorded only when m<< 1 or when the re - 
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cording is stopped while the space -charge field, E(x), is still much 
smaller than the applied field, E0. The fact that the expression for 
E(x) diverges for m = 1 is a consequence of the assumption of very 
short diffusion length; a finite diffusion length would decrease the 
effective value of m and would remove this anomaly. 

2. Diffusion Only (No Applied Field) 

If the initial applied field is taken to be zero, the only field present 
would be that generated by the unneutralized space charge, p(X), so 
that the current will be given by 

dn 
J(x) = qDn -+ gnµnEp(x). 

dx 
[19] 

As explained in a previous paper,' the space charge will build up until 
the field is sufficient to cancel the diffusion component of the current 
everywhere. Hence, at equilibrium, 

and 

J(x) = 0, 

Ddn/dx kTdn/dx 
E (x) = Ep(x) _ = 

µn qn 
[20] 

where we have used the Einstein relation between mobility and con- 
ductivity : 

kT 
D=-N- 

q 

where k is the Boltzmann constant and T is the temperature. 

Now, Eq. [5] was shown to give the correct distribution of free elec- 
trons for all times under the assumptions of very short diffusion length 
and large trapped -electron concentrations. For the equilibrium case 
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in question this expression is correct regardless of diffusion length. 
This follows because at equilibrium J(x) is zero everywhere, and, hence, 

the free -electron density will conform exactly to the shape of the 
generation rate, g(x), (still assuming that the recombination rate is 

constant everywhere). Therefore, using Eq. [5], we obtain an ex- 
pression for the equilibrium field, E(x) ; 

kT sin Kx 
E(x) _( q 

1+ m cos Kx 
[21] 

This diffusion -generated field is seen to be sinusoidal only for small 
values of m, as was the case with that generated through drift. Also, 

if Eq. [21] is expanded in a Fourier series, the only component that 
would contribute to the diffraction efficiency is the fundamental, whose 
magnitude is E = (kT/q) (Km/V1 - m2). The peaks of this funda- 
mental sinusoid are displaced by about one quarter of the spatial wave- 
length, 1, relative to those of the drift -generated pattern. Another 
difference between the two processes ís that the diffusion -generated 
field is proportional to the spatial frequency of the interference pat- 
tern, K, while the drift induced field is not, so that diffusion becomes 
especially important when the fringe spacing is very short. 

For a sinusoidal excitation with a given applied field, the relative 
importance of drift and diffusion in building up the unneutralized 
charge can be estimated by the initial peak value of the divergence of 
the current associated with each process. Since E(x) =E0 initially, 
the ratio of peak diffusion current divergence, dJD/dx, to that of drift 
current, dJE/dx, can be calculated to be 

dJD/dx kT K 
R = _ (-/ - . 

dJE/dx \ q I E 

At room temperature this may be written as 

[22] 

0.16 
R (Eo in V/cm). [23] 

E 0 

For example, with a fringe spacing of 1= 10-4 cm, the two processes 
will be equally important (R = 1) when the applied field is Eo = 1600 
V/cm. It is important to note that this result is independent of 
material parameters or type of carriers. 
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Thermally and Optically Induced Decay 

We now turn our attention to the reverse process, that of thermal or 
optical erasure of the field pattern that has been generated in the 
manner discussed above. 

For simplicity we assume that the recorded field pattern is a perfect 
sinusoid; 

E = E, cos Kx, 

corresponding to a space charge density 

p = -EKE,,, sin Ks. 

[24] 

[25] 

Now, the initial trapped electron distribution throughout the material 
will be 

p 
nt=N - - . 

q 
[26] 

The excitation rate, whether it be thermal or optical, would be 
directly proportional to the trapped electron concentration so that still 
assuming a very short diffusion length and following the reasoning 
that was used to arrive at Eq. [3], the flee carrier concentration may 
be written as 

( EKE i 
n Ant =A N sinKx , 

4 
[27] 

where A = Ioor/(hw) for the case where optical excitation dominates. 
An approximate solution can be easily obtained for the case where N» nt, for which the free carrier concentration can be assumed to be 
nearly uniform. For this case, the main contribution to the decay of the pattern would come from the drift of the optically or thermally 
excited electrons. The current density, under these assumptions, would 
be given by 

J gANµE = gANµE,,, cos Ks. [28] 

Using Eq. [7], 

dJ dp -_ -gANµKE, sin Ks = - - . 
dx dt 

[29] 
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Therefore, assuming that the field distribution remains sinusoidal 

during decay, and using Eq. [25], we obtain 

and 

dE,,, gANµ 
= Emi 

dt E 

Em(t) = Em(0)e-ure, 

[30] 

[31] 

where rRe = E(gA NIL ) can be recognized as the RC time constant of the 

material at the given temperature and illumination level. This result 
is to be expected because our assumption of large trap concentration 
amounts to spatially uniform conductivity. 

One might note that storage times of about one month in materials 
with relative dielectric constants of 30, such as LiNbO3, imply dark 
resistivities of 1018 ohm -cm. This value is many orders of magnitude 
higher than was measured by Johnston' but is consistent with our 

conductivity measurements at elevated temperatures. Also, in a heavily 

reduced sample with resistivities in the range of 1010 ohm -cm, the 

observed decay times of the holograms agree with the room -temperature 
measured values of conductivity. 

Effect of Trap Density on Resolution 

Under the assumptions made in the above analysis there are no ap- 

parent limitations to the spatial wavelength of the field grating that 
can be induced into an insulator by a light -interference pattern. How- 

ever, it should be clear that the magnitude of the field can be limited 

by the available trap density in the material. This can be seen by an 

examination of Eq. [25], which shows that the unneutralized charge 
density, p, required to produce a given field amplitude, E,,,, increases 
linearly with the spatial frequency, K. From Eq. [25], the peak 

charge density, p can be written in terms of the peak field, E as 

P.=EKE,= 
2rrEE,,, 

l 

[32] 

Thus, the maximum field for a given trap density, N, can be written as 

qNl E,=-. 
27rE 

[33] 
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For a trap density of 1016 cm -3, a relative dielectric constant of 30, 
and a fringe spacing of 10-4 cm, the peak field that can be induced 
would be 104 V/cm. This should be more than sufficient to produce 
high diffraction efficiency in good electro -optic materials. However, a 
factor of ten lower value in the trap density could pose a serious 
limitation in resolution capabilities. 

Discussion of Impurity Polarization Effects 

It is interesting to discuss the polarization model proposed to explain 
optically induced changes of index of refraction in LiNbO3 in the light 
of the results obtained from the above analysis. The model proposed 
by Johnston' assumes that the local dipole moment of the cell contain- 
ing the defect changes positively when the defect loses its normally 
trapped electron and negatively when it traps a second electron. Thus, 
after allumination and before dielectric relaxation takes place, the 
light -induced change in dipole density, nd, would equal the local space 
charge divided by the electronic charge; 

p 
nd - - . 

q 

The polarization induced by this model is 

P = gndS = pS, 

[34] 

[35] 

where 8 is an equivalent dipole length, which must be of the order of 
the unit cell dimension. Assuming, therefore, that we have a sinusoidal 
distribution of space charge, 

p(x) = pm sin Kx. 

The accompanying polarization would be given by 

Pp(x) = Sp,,, sin Kx. 

[36] 

[37] 

But the peak field created by the above space charge (neglecting v.P, 
which, from Eq. [37], can be seen to be much smaller than p) would be 

Pm 

EK 
[38] 
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Now, the peak value of the field -induced polarization (that which occurs 

through distortion of the lattice by this space charge field) can be 

written as 

+ 
E - EO Prn 

PEnt= ( E -EO) Grn - 
E K 

[39] 

Thus the ratio of the peak value of polarization due to space -charge 

generated field and that due to dipole formation as a result of charge 

migration is 

PE E-EO 1 

Pn, E 27r8 

[40] 

Since (E - EO)/E 1 and 1/8 -103, we see that the dipole concen- 

tration generated by this process would have a negligible effect on the 

total change in polarization compared to that of the space -charge - 

generated field. Thus it appears that, as long as the model requires the 

transfer of charge in order to change the net local dipole density, the 

polarization model is not valid. It simply requires the transfer of 

orders of magnitude more charge to achieve the same effect. A mod- 

ification of Johnston's model where there is a transfer of charge be- 

tween polar centers of different dipole moment requiring no net migra- 

tion of carriers (drift or diffusion) presents an additional possibility 

that should be considered. In a material obeying this model, transport 
processes and accompanying space -charge -field formation may well 

occur, but they are completely unnecessary to achieve the index changes 

and are thus not relevant to the model. This type of process, which 

may take place in some materials, becomes simply a polarization version 

of the photochromic phenomenon. Thus the dynamics of the recording 
behavior will follow the well -understood dynamics of photochromic 

switching, and the experimental results should be explainable on this 
basis. 

Johnston also proposes that there is a light -induced change in 

polarization due to the excitation of electrons into the conduction band, 

and suggests that this may give rise to the large drift fields observed 

by Chen. As was mentioned in the introduction, the concentration of 

free electrons that would be needed to account for fields of this mag- 

nitude are nearly impossible to achieve. However, Johnston's hypothe- 

sis of a light -generated polarization field is extremely interesting, and 

could well contribute to the formation of large fields in some materials. 
In particular, if the material possessed a large number of shallow 
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traps with short life times, it would appear that a rapid transfer of 
electrons from the deep traps to these centers could create the effect 
envisioned by Johnston with much larger changes in polarization now 
being possible. 

Conclusions 

In summary, the very complex and diverse behavior of the materials 
used for holographic storage might not be explainable by any single 
model, and no such claim is made for the transport processes discussed 
here. The results of the simplified analysis presented in this paper are 
meant to give a quantitative picture of the magnitude of the fields 
that would be generated due to light -induced space charge, their 
spatial distribution, and the phase relationship between these fields and 
the light pattern inducing them. The latter is an important considera- 
tion on the hologram recording dynamics, because it affects the light 
intensity distribution during the growth of the hologram.' These 
transport effects are of a most fundamental nature in that they would 
be present to a greater or lesser extent in any insulator with traps. 
Whether or not all of the observed index changes in electro -optic 
crystals follow exclusively the transport model remains to be seen. 
Evidence to date suggests that holographic recording in nominally pure 
LiNbO3 involves this type of process, while some of the heavily doped 
samples may not.' 
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System Aspects of Electrophotographic Materials 
and Processing for Liquid Reversal Toning 

E. C. Giaimo and H. Wielicki 
RCA Laboratories, Princeton, N. J. 

Abstract-Electrophotographic materials and processing techniques have been 

adapted to a system in which image reversal using liquid toner is re- 

quired from a cathode-ray exposure device. It was found that image 
quality is dependent not only on materials but also upon the restraints 
imposed by the overall system. Compacting of the processing machine 
leads to electrical interactions between the corona charger and the 
toning process as a result of lateral conduction in the copy paper. 
The machine design is intimately associated with the composition of 
the paper used. The reversal toning also imposes higher quality stand- 
ards on ZnO-resin coatings and base -paper substrates that are not 
normally found in office copier papers currently available. 
An equivalent circuit representation has been made that clarifies the 
relationship of the ZnO-resin paper, the liquid reversal developer, and 

the external electrical field applied at the development site. The 
transient electrical currents flowing during development show the time 
dependent nature of the toning phenomenon and its interrelation with 
the toning time imposed by the toning unit configuration and overall 
system restraints. 

Development of Concepts 

Some of the special requirements of the electrophotographic printer 
for use with the Homefax system have been described by Houghton.' 
In this paper, the evolution of the image developing system is described 
in greater detail. 

At the time when the first prototype models of Homefax printers 
were being planned, the (Electrofax') electrophotographic office copier 
industry was already a commercial reality and the adaptation of 
available materials and technology appeared to be the most logical and 
expeditious course to pursue. However, as shall be seen, problems 
unique to the design of this printer arose which could not be solved 
with existing materials and technology. 

Registered trademark of the RCA Corporation 
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Two commercially successful methods of electrophotographic image 
development were available to choose from : liquid development and 
dry -powder development. In liquid development, which was and still 
is the most popular among copier manufacturers, the charged and 
exposed sheet is passed through a trough or roller system that applies 
developer liquid (toner) to the copy surface and then removes the 
excess. The developer liquid is comprised of pigment particles (such as 
carbon black) having a size range of 0.1 to 0.5 µm dispersed (with 
the aid of suitable surface active agents) in a liquid hydrocarbon. 
Depending upon the charge that has been imparted to the pigment 
(developer) particles by the surface active agent, the particles are 
deposited on either the charged or the light -discharged areas of the 
print. The hydrocarbon is electrically insulating (at least 1 x 1011 
ohm -cm resistivity), chemically quite inert, and has a boiling point of 
approximately 350°F and a flash point (Tag Closed Cup) of 125°F. An 
example of such a liquid is the isoparaffinic solvent marketed under the 
trade name Isopar H by Humble Oil and Refining Company. A low - 
temperature heat source in conjunction with a low -velocity blower is 
frequently used to dry the paper and fix the image. 

In dry -powder development, as the name implies, the image is made 
visible by brushing dry pigmented iesin particles on the charged image. 
Depending upon the charge on the powder particles, which is determined 
by the composition of the powder, they adhere either to the charged or 
the light -discharged areas of the paper. Heat is then used to melt the 
resin component of the particles, thus fusing them to the paper and 
fixing the image. 

Liquid development was selected for the Homefax printer for 
essentially the same reasons that it is preferred in office copiers, 
namely, (1) the developed image is essentially self -fixing and does not 
require a high wattage heat source to fuse the toner, (2) toner replen- 
ishment is easier in a liquid system, (3) there is no problem of dust or 
grit getting into the various parts of the printer mechanism, and (4) 
a liquid development system can be built more compactly than a dry - 
powder system. 

A variation of liquid development referred to as hot -melt develop- 
ment was also tried. Hot -melt development is essentially the same as 
liquid development, but actual development is performed at an ele- 
vated temperature (80° to 110°C). In this method, a paraffin wax or 
a microcrystalline wax is used as a diluent or carrier for the pigment 
instead of a liquid hydrocarbon. The unused portion of the developer 
is stored as a solid cake, bar, or pellets; a small quantity is melted as 
needed for image development. 
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In the preceding discussion, reference has been made to two differ- 
ent models of electrophotographic image developing-one in which the 
developer particles (be they in a dry or a liquid medium) are attracted 
to the charged areas of the image and another in which the developer 
particles are attracted to the light discharged areas of the image. The 
former is generally called direct positive development and the latter is 
called reversal development. 

The advantages of reversal development in conjunction with the 
thin -window CRT exposure method were well-known before the 
Homefax project started,2" but even reasonably stable and reliable 
liquid reversal developers were nonexistent at that time. Thus, liquid 
direct positive developing was used at first, then hot -melt direct positive 
developing was investigated. Not long thereafter a hot -melt reversal 
developer was formulated; finally, when the problems encountered in 
handling a hot paraffin wax system could not be solved easily in the 
time allotted, a usable liquid reversal developer was formulated. 

Shortly thereafter, a halogenated hydrocarbon, trichlorotrifluoro- 
ethane (marketed under the tradenames Freon-TF and Genesolv-D by 
DuPont and Allied Chemical Company, respectively) was substituted 
for the isoparaffinic hydrocarbon because it provided the rapid drying 
and non -flammability considered necessary for use in a home instru- 
ment. This led to the design of a fountain developing mechanism.' 

System ,Interactions 

This paper is concerned in part with the processing of ZnO-resin coated 
paper as the hard -copy output medium of an experimental processing 
unit using cathode -ray -tube exposure. In order to conserve the life of 
the cathode -ray -tube phosphor, the reversal printing mode is used. In 
the reversal printing mode, toner is deposited in the exposed areas of 
a previously uniformly charged sheet. The exposure is such as to 
either reduce the charge to zero or reduce it considerably below the 
charge density remaining in the surrounding regions where no light 
was allowed to fall. During the developing interval, an electric field 
is impressed, by means of electrodes, across both the paper and the 
developing fluid. By making the electric field variable, one is able to 
control print density, fill in large exposed areas, and control contrast 
ratio and spurious background toner deposition. Data, in addition to 
that published previously,' is presented showing the toning behavior 
of ZnO-resin coated paper under the above mode of operation. 

During the course of our investigation, it became evident that the 
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processing of the ZnO-resin coated paper and the design of the process- 
ing unit must be approached as a system. It was found that certain 
machine design parameters dictated by the overall Homefax system 
in which the Electrofax process was to operate influenced the processing 
and was reflected in the quality of the output copy. Parameters such 
as paper speed and compacting of the overall mechanism and its com- 
ponents to arrive at a physically small machine can influence all three 
steps (charging, exposure, and toning) needed to process electrophoto- 
graphic paper. The interdependence of the machine configuration and 
the functioning of the processing units will be treated in more detail 
subsequently. 

-ELECTROFAX PAPER WEB 

-DOUBLE CORONA CHARGER 

THIN WINDOW 
CATHODE RAY 

TUBE 

METAL 
ROLLER 

TONER TANK 
WITH FLUID PUMP 

PROBE 

CABLE TO 

TONING NIP 

LBETAL DEVELOPMENT 
ELECTRODE CONNECTED 
TO NEGATIVE VOLTAGE 

NOTE 

BIASING POTENTIAL 
APPLIED BETWEEN METAL 
ROLLER AND DEVELOPMENT 
ELECTRODE 

Fig. la-Experimental printer. 

Although the experimental printer shown in Fig. la, b, c was used 
to investigate the reversal printing characteristics of photosensitive 
paper and toners, it should be considered in a more general sense. In 
the general sense, this machine is a device for transporting a web of 
the paper through a charging device, past an exposure station and then 
through liquid toner which contacts only the ZnO-resin coating of the 
paper web. In addition, the machine has each of the processing func- 
tions in close proximity to one another. Further, the paper web travels 
at the relatively slow rate of 0.3 to 0.6 inches per second. 
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Fig. lc -Experimental apparatus showing electrostatic probe location. 
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Charging 

During the course of our investigation of reversal toning of ZnO-resin 
coated paper, it was found that a spurious toner deposit was present 
in the background areas of the output copy. This was traced to electri- 
cal breakdown of the charge retaining layer. The breakdown resulting 
in nonuniform charge density is introduced during the charging inter- 
val because of the low paper speed of the device. The low paper speed is 
a requirement imposed by the overall system and is related to the repeti- 
tion rate of the line scan exposure. In order to overcome the over- 
charging difficulty, controlled charging was used wherein the corona 
unit was intermittently energized with high voltage. It was found that 
intermittent charging having a duty cycle of about 10% yielded maxi- 
mum charge with a reduced number of breakdown spots and reduced 
spurious toner deposits in the reversal prints. 

CHARGING PULSE DURATION (SECONDS) 
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1 E -220V 
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04 

Fig. 2-Intermittent charging (pulse repetition interval 1 second; paper 
speed 0.3 inch/second. 

In the series of tests on three commercial papers, it was found 
that maximum surface potential could be obtained using 0.1 -second 
pulses of high voltage direct current applied to the corona unit at one - 
second intervals. Intermediate surface potentials could be obtained by 
applying shorter pulses. The data obtained is shown in Fig. 2. In- 
cluded on the graph are the voltages obtained with steady charging 
with the paper moving at 0.3 inch per second. The data clearly shows 
that a lower surface potential occurs with steady charging at low 
paper speeds in the device shown in Fig. la. 

The curves show that control of the surface potential can be ob- 
tained using the intermittent mode of charging. Surface potentials 
less than maximum can be obtained by changing the pulse duration 
and/or duty cycle. It can be seen from the curves of Fig. 2 that the 
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charging characteristics of the three papers tested are different. In 
a given device with a given paper, the intermittent charging can be 

used to control the surface potential below the maximum attainable. 
The corona potential cannot be reduced below the voltage required to 
produce a corona discharge, thus a lower limit is set on the surface 
potential. 

A series of tests were made to determine the surface potential of 
a commercial paper as a function of paper speed when steady charging 
is used. It was found that maximum potential occurs at 0.4 in/sec. 
The data is shown in Fig. 3. At paper speeds of 0.3 in/sec and 0.6 

in/sec, it appears that over- and under -charging occurs, respectively. 
For this part of the investigation, the corona voltages were set at 
-F4kV on the positive corona wires and -4.5kV on the negative corona 
wires. 

PAPER SPEED IN INCHES PER SECOND 
0.2 0.3 0.4 0.5 0.6 0.7 

300 
I I I I I 

400- 

500 

Fig. 3-Surface potential of commercial electrophotographic paper as a 
function of paper speed with steady charging. 

The values of steady corona voltage chosen were derived experi- 
mentally for the test printer. The data is shown in Fig. 4. The use 
of intermittent charging appears to be of value for controlling surface 
potential where low fixed paper speeds are required in the processing 
device. 

In the Homefax system for which this work was done, intermittent 
charging was found to be ideal for minimizing corona interference 
with the television input signals. Details of the circuitry and the 
synchronization of the pulses to minimize interferences will be treated 
elsewhere.' 

A second area of corona charger interaction with the system results 
from compacting the processing functions, using papers having con- 
ductive layers, and applying arbitrary voltages to a double corona 
charger. 
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As a result of compacting the processing functions and using 
ZnO-resin coated paper in the form of a paper web, it was found that 
current originating in the corona charger flows along the paper and 
gives rise to potentials in the developing unit. Such potentials can 
drastically modify the toning process. The electrical coupling between 
the charger and the toning device is not unique with a machine using 
a paper web. The same conditions can also arise in a machine using 
paper sheets where the spacing of the charging and toning functions 
allows different areas of the sheet to be in both locations simultaneously. 

A detailed diagram of the processor is shown in Fig. 5. An 
electrical equivalent circuit of the device is shown in Fig. 6. From 
Fig. 6, it is apparent that point A (the interface between the coating 
and the substrate), which represents the area immediately under the 
double charger, should be maintained at ground potential to prevent a 
potential from appearing across the paper base due to current flow 
along the paper web in those instances where conductive surface treat- 
ments are given to the base stock. This condition can be arrived at by 
adjusting the corona potentials and/or spacings from the paper sur- 
faces so that a ground plane is maintained at point A. Other electrical 
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Fig. 4-Surface voltage vs. charger voltage for steady charging. 
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Fig. 5-Detailed diagram of processor. 

solutions are also possible. Adjustment of the corona potentials and/or 

spacing can be determined by nulling the current flow from ground to 

the electrode contacting the back side of the paper at the developer unit. 

Other solutions to this electrical interaction are involved with the 

design of the paper substrate. These include elimination of electrically 

floating conductive layers and decreasing the through resistance of the 

paper base. Specific resistance values are difficult to specify because the 

potentials appearing at point B which modify the toning process are 

unique with the machine design, the corona operating conditions, and 

the deposition characteristics of the toning liquids. In addition, varia- 

tion of the lateral conductivity of the paper web with relative humidity 

must also be considered. 
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Fig. 6-Equivalent electrical circuit existing in processor where paper 
web electrically connects charger to toning device. 
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Exposure 

The exposure of the photosensitive paper in the test device is in the 
form of a line scan occuring at a repetition rate of 60 per second. 
The paper is run in optical contact with a thin -window cathode ray 
tube having a 0.0005 inch clear protective Mylar film between the tube 
and the paper surface. In the plane of the paper, the line of light is 
in the order of 0.010 inch wide and 4 inches long; the spot travels the 
4 -inch distance in about 50 p. sec. A modified P11 phosphor is used. 

The exposure characteristics of the paper were studied in the 
device using actual tube exposure, so that sensitization could be opti- 
mized with respect to the spectral output of the phosphor. This was 
done by mounting an electrometer probe on the device and plotting the 
surface potential as a function of the beam current of the cathode-ray 
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Fig. 7-Surface voltage vs. beam current as influenced by different disper- sion methods. 

tube. Typical sensitivity curves are shown in Fig. 7 for two experi- 
mental papers. Paper coating formulations were sought that yielded 
high initial surface potential and zero surface potential at low beam 
currents. Complete exposure coincides with zero surface voltage and 
gave a means for calibrating our exposure of a given paper during 
the reversal toning studies. 

Liquid Reversal Toning 

During the early stages of operation of the processing device, an 
external electric field, due to corona interaction as described earlier, 
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was not recognized as being present during toning. Considerable varia- 

tion in print quality was experienced with different papers and with 

various corona charger voltage settings of the high -voltage power 

supplies. Once the corona interaction was recognized and the corona 

chargers were adjusted to reduce the interaction, reproducible reversal 

development was obtained by applying an adjustable known external 

electric field across the paper and the toning liquid during the develop- 

ment interval. 
A study was initiated in an attempt to understand liquid reversal 

toning of ZnO-resin coated paper. In order to obtain quantitative in- 

formation, an electrometer was attached to the device so that surface 

potentials could be measured. The potential applied between the back 

of the paper and an electrode immersed in the toner was also measured. 

In the study, both the steady-state and transient currents flowing in the 

development electrode were observed. 

From this study, an equivalent circuit was derived that closely 

follows the behavior of the paper and toner under the action of an 

external field during development. The equivalent circuit has led to a 

better understanding of the transient nature of the reversal toning 

process. It has helped to emphasize the time -dependent aspects of re- 

versal toning and its interdependence on the charge decay and charge 

uniformity on the surface as it proceeds through the liquid toning 

region. 
In the development of both direct and reverse electrophotographic 

images, energy is expended during development. With no bias elec- 

trodes, the energy is obtained from that stored in the charged regions 

and should be roughly proportional to the surface area of the charged 

regions, others factors being equal. The energy is expended in moving 

charged toner particles either through a viscous carrier fluid or by strip- 

ping them from a solid carrier. During the development process, elec- 

trical current flows between the toned side of the photoconductive 

insulating layer and the opposite side of the layer either through the 

external circuit or through conductive paths existing as conducting 

imperfections, which extend through the bulk of the layer from one 

side to the other, or as conducting regions created where the layer is 

exposed to light. 
In the case of direct development, no toning difficulty is experienced 

with the energy balance provided the layer can be charged to a 

sufficiently high potential while providing the necessary front to back 

electrical connections at the time of development. 

In the case of reversal development, depending on the ratio of the 

charged to discharged areas, the energy remaining after exposure 
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may be insufficient to obtain complete development. In the extreme 
case of attempting the reversal development of a sheet of uncharged 
electrophotographic paper by simple immersion in toning fluid, no 
development at all occurs. Effective reversal toning for all ratios of 
charged to uncharged areas requires the use of an additional energy 
source for development. The energy difference can be supplied from 
an external electrical source by means of electrodes connected to the 
toning fluid and one side of the electrophotographic layer. Such an 
arrangement is shown in Fig. 8. 
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Fig. 8-Toning with external electric field. 

Ideally, in reversal toning, no energy need be extracted from the 
charged areas when the external bias potential equals the potential 
across the layer. This results in a field -flee region in the toning fluid. 
In practice, this can not be achieved due to the necessary toning elec- 
trode spacing and laterial current paths in the toning fluid at the 
edges separating the charged and discharged regions. The current 
paths are introduced intentionally with exposure or exist as inherent 
layer imperfections or charge non -uniformities introduced during 
charging as discussed previously. 

The reversal toning solutions considered here are electrically 
neutral, and consist of negative toner particles with an equal number 
of positive counter -ions. During the toning process, there is a simul- 
taneous deposition of each charged species on the oppositely charged 
electrode. The current in the toner represents the drift of negative 
toner particles to regions of greatest positive potential. 

Considerable data was taken on a commercial electrophotographic 
paper, designated #A, which provided means for developing our 
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measuring techniques. During this time, coatings were being made at 
the Laboratories aimed at low background density and high image 

density. A representative coating of the later type is #B, which ex- 

hibits acceptable light sensitivity, low background density, non -critical 

adjustment of bias potential, and high image density. 
A comparison of reflection density vs. bias potential for papers #A 

and #B is shown in Fig. 9. From this plot, one can see the difference 

between the two papers in terms of image quality for black -and -white 

prints. 
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Fig. 9-Reflection density vs. bias potential. 

In order to simplify our experimental analysis of the toning process, 

two conditions that correspond to high contrast images were chosen 

for our initial study. These correspond to fully charged unexposed 

areas and areas exposed just sufficiently to reduce the charge to zero. 

Intermediate exposures leading to continuous -tone production capabili- 
ties of various papers were also investigated, but are not reported here. 

From the experimental data, it appears that the behavior of the 
photosensitive paper in the reversal mode of printing using an external 
electric field during development can be represented by the equivalent 
circuit shown in Fig. 10. The equivalent circuit is suggested for the 
following reasons: 
1. Essentially linear relation of surface potential of unexposed areas 

after emerging from development unit as a function of development 
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Fig. 10-Equivalent circuit of ZnO-resin coated paper and liquid toner during reversal toning with an external potential. 
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Fig. 11-Surface potential of electrophotographic papers after emerging from toner vs. bias potential. 
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Fig. 12-Charge decay vs. beam current (paper #B). 
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voltage (bias) as shown in Fig. 11. Fig. 11 is a plot of surface 

potential in the exposed and nonexposed areas versus bias voltage. 

2. Essentially linear relation of surface potential of exposed areas 
after emerging from development unit as a function of development 

voltage as shown in Fig. 11. We have observed a recharging of the 

layer with deposition of toner. The layer was exposed to light from 

a thin window CRT with a beam current of 37.5 µA, which corre- 

sponds to the light needed to completely discharge the #B layer 

as shown in Fig. 12. 

3. Studies of the transient current flow during development shown in 

Fig. 13, (a) through (i), indicate that during development, nega- 

tively charged toner particles move from the paper to the develop- 

ment electrode and constitute a current flow in the external circuit, 

tending to discharge the layer if the potential of the development 

electrode is less than that of the surface of the layer with respect to 

the contact made to the back of the paper by the metal roller over 

which it passes. This is not only seen from plots of the transient 
current but also as a toner deposit on the development electrode. 

When the potential of the paper is less than the external bias, the 
toner current is in the direction of the paper. 
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Fig. 13(g-i)-Toner current versus time (paper #B) : (g) VB = 300, (h) 
VB=350, (i) VB=400. 
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In the equivalent circuit, the ZnO-resin layer before it is contacted 
by the toning fluid is represented by the charged capacitor C1 shunted 
by the light responsive resistor R1. At the instant the toner contacts 
the ZnO-resin surface, switches S1 and S2 close. Rf represents con- 
ductive paths through the layer either as inherent defects, corona 
charger induced defects such as breakdown spots, or solvent action of 
the toner carrier on the coating resin. R, represents the toner resis- 
tance and is dependent on toner composition. RP represents the base 
paper resistance. In order to measure the transient currents flowing in 
the external bias circuit, a small resistor R,,, can be inserted and con- 
nected to a fast response display such as an oscilloscope. Values for 
the above parameters are given in Ref. (5). 

When either a charged or discharged area is contacted by the toner, 
a transient current can be observed in the external circuit. The curves 
shown in Figs. 13(a) through (i), are similar to the charging and 
discharging of an RC network. The initial rounding of the curves is 
due to the experimental procedure used. The toner was mechanically 
pumped against the surface of the paper. Instantaneous electrical con- 
tact could not be made. 

Figs. 13(a) through (i), shows the effect of increasing the external 
bias potential for a uniformly processed sample. 

The layers were first charged to approximately 600 volts negative 
and then either exposed or unexposed before being brought in contact 
with the toning fluid with various external biases applied. When the 
external bias is less than the surface potential of the layer, the negative 
toner particle current is toward the development electrode. When the 
external bias is greater than the surface potential, the current is 
toward the paper. 

Although an attempt was made to obtain complete exposure, Fig. 
13(a) appears to indicate that some residual potential after exposure 
was present in the zero bias case shown. 

The curves of Figs. (13(d) through (g), show a current reversal 
during the measuring interval. The current transient crosses the axis 
in shorter and shorter times as the bias is raised. In effect, the 
transient current provides a means for dynamically observing toner 
deposition. The upper curve of Fig. 13(d) indicates that, at 150 volts 
bias, the maximum development time that can be tolerated before the 
toner starts being deposited in the unexposed areas is 3.5 seconds. By 
selecting a shorter development interval, the external bias can be raised 
before toner begins to be deposited in the unexposed areas. Fig. 13(g) 
indicates that, with this paper and toner, the development time of 0.5 
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second and 300 volts bias is the lower bound on development interval 
and the upper bound on the bias respectively. 

The data of Figs. 13(a) through (i), shows that the development 
time interval for externally biased reversal development and the bias 
potential for maintaining toner rejection from background areas are 
intimately related. Further, maximum image density must also be 
realized in the specified time interval determined by toner deposition 
in background areas. The area under the current curve for exposed 
paper is related to the quantity of toner deposited and should be 
directly related to the product of the number of toner particles and 
the charge per particle. 

The decay of current during the toning of the exposed area indicates 
the build-up of a blocking contact in the toned areas. The blocking 
contact is further indicated by the surface voltage measured with a 
probe and plotted in Fig. 11 for exposed and toned areas. The potential 
existing on the surface after toning can be brought to zero by exposing 
the toned area to a bright light. 

Imaging Materials 

Several of the requirements of the imaging materials-the paper and 
the developer-intended for use in the Homefax-type of printer have 
been mentioned in the preceding discussion. The various essential 
characteristics are summarized and elaborated upon in more detail 
below. 

ZnO-Resin Paper 

It is well known that the image that will be obtained depends upon the 
two main structural components of the sheet-the substrate and the 
electrophotographic layer or coating. However, the Homefax system 
required a combination of characteristics not found in any one of the 
many office copier papers checked. These characteristics are described 
below. 

Substrate 

Probably the most important requirement is sufficiently high bulk 
electrical conductivity (conducti ity through the thickness of the sheet) 
so that enough current flows at the developing site to deposit toner 
uniformly in large areas intended to be filled in completely. Only base 
paper manufactured by a special process' has been found usable. The 
paper conductivity preferably should not be function of the moisture 
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content of the paper because the moisture content depends upon the 
ambient relative humidity, which may vary considerably over a period 
of time. At the same time, the substrate should not have an electrically 
"floating" layer through which current can flow from the charger to 
the developing site and cause the extraneous deposition of toner. In 
addition, the solvent barriers coating normally applied to these sub- 
strates should be effective enough to prevent solvent "strike -through" 
(penetration of zinc oxide coating mix vehicle through pinhole size 
areas), which cause the zinc oxide coating to develop microscopic 
pimples as it dries. These pimples have an oxide to resin binder ratio 
different from that of the surrounding coating, and this results not 
only in a different charge acceptance in the pimple, but also in different 
electrical conductivity through the coating and the substrate in the 
pimple site. This, in turn, may result in extraneous deposition of 
toner during development. 

Also desirable is a smooth substrate with little or no paper fiber 
structure. Such structure may result in an Electrofax coating that 
mechanically traps toner particles in unwanted areas. 

Photoconductive Coating 

A fundamental requirement of any electrophotographic coating is 
that its spectral response match the spectral output of the exposure 
source. Because office -copier papers arc generally intended for use 
with incandescent lights, they lack sensitivity to the rather narrow - 
band output of the thin -window CRT phosphor. 

The spectral sensivity of zinc oxide coatings is generally adjusted 
by absorbing certain dyes onto the ZnO particles.'" Fluorescein di - 
sodium salt was the only dye known that would sensitize the ZnO 
close to the spectral emission of the modified P-11 phosphor. The degree 
of sensitization was governed by compromising between the degree 
of off-white color acceptable in the final document or print and the 
maximum beam current that could be used, together with the paper 
speed through the machine. 

In the course of making coatings, it was observed that the sensi- 
tivity (expressed as beam current required to reach zero surface 
voltage, not spectral sensivity) was governed to a significant extent 
by the ZnO dispersion technique that had been utilized in making the 
coating mix. Those dispersion techniques that tended to least en- 
capsulate the ZnO particles produced the coatings in which the surface 
voltage could be most quickly reduced to zero by exposure to light. 

The curves in Fig. 7 illustrate how the zinc oxide dispersion method 
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used in preparing the coating mix affects the sensivity of the Zn0- 
binder layer. The ZnO dispersion method used in preparing the coating, 
that accepts a high surface voltage (620 volts) and requires a beam 
current of only 30 µA to discharge it to zero, has very little tendency 
to encapsulate the ZnO particles with resin binder. On the other hand, 
the ZnO dispersion technique used in preparing the coating, that 
accepts a surface voltage of just over 400 volts and requires well over 
90 µA to discharge it to zero, tends to throughly wet and encapsulate 
the ZnO particles with resin binder. Encapsulation of the ZnO particles 
with resin is believed to electrically insulate the particles from each 
other. 

High charge acceptance (600 volts or higher) is another character- 
istic of the ZnO coating regarded to be essential for obtaining high 
quality images. A high charge that is retained through the develop- 
ing period repels developer particles in nonexposed areas of the image, 
thus producing clean background. The retention of the charge in the 
developing liquid is a function of the solubility of the resin binder 
in the developer liquid and the degree of encapsulation of the ZnO 
particles by the resin binder. The encapsulation of the ZnO, in turn, 
is governed by the ZnO-to-resin ratio and the method by which the 
dispersion is prepared. 

Probably the most vexing problem encountered in electrophoto- 
graphic imaging is the presence of pinpoint -sized areas on the zinc oxide 
coating that, prior to development, are usually undetectable. However, 
in direct positive development, they appear as tiny white specks in 
areas that should be solidly toned. In reversal development, these 
same areas become evident as extraneous deposits of developer pig- 
ment in areas that should be completely free of toning. These areas 
(referred to as pinholes) are attributed to several causes (some un- 
known). Two remedies have reduced their number substantially: (1) 
the use of certain selected zinc oxides,10 and (2) the zinc oxide dis- 
persion technique used in preparing the coating mix. 

Developer Liquid 

To elaborate upon the intricacies of reversal developer formulation is 
beyond the scope of this discussion," but it should be said that the 
prime consideration in formulating a liquid developer for home use 
was safety. The liquid had to be nonflammable and no more toxic than 
the various substances generally used in the home and still develop 

high -quality images. At the same time, the developer liquid had to 
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fulfill other essential requirements, namely: 
1. Be fast drying and self -fixing so that the developed print could be 

handled within seconds after it had been made. 

2. Have high developing capacity, that is, be capable of developing a 
large number of prints of uniform quality per given volume 
of liquid so that replenishment or replacement of the developer 
is reduced to a minimum. 

3. Be low cost. 
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High -Level Current Gain In Bipolar 
Power Transistors 

J. Olmstead, W. Einthoven, S. Ponczak, and P. J. Kannam 
RCA Electronic Components, Somerville, N. J. 

Summary-This paper discusses the phenomena of base widening and emitter - 
current crowding as they affect the high-level, low -voltage current gain 
in bipolar power transistors. Base widening is analyzed by solving for 
the ohmic and space -charge widths In the collector region as functions 
of collector -current density, collector resistivity, and the applied col- 
lector -to -base voltage. Emitter -current crowding is handled by develop- 
ing expressions for an effective emitter width under which injection is 

reasonably uniform. Two expressions result for high- and low -injection 
modes of operation. Base -conductivity -modulation effects are included 
in the analysis. It is shown that the product of collector current lc 
and current gain hFE for non -crowded n+ -p -n+ (or p+ -n -p+) structures 
is given by hFE lc = constant. When severe emitter -current crowding 
exists, the product approaches hFE Icº = constant. 
In n+ -p -n -n+ (or p+ -n -p -p+) devices, base -widening effects are de- 
scribed by the equation: 

hFE 

KE 

where KE is a proportionality constant, Jc is the collector -current 
density, WB31 is the total width of the base and n- regions, Vcu is the 
collector -to -base voltage, and p- is the resistivity of the n- region. 
As a test of the validity of the theory, experimental structures were 
fabricated and the collector -current -current -gain characteristics were 
measured. Special ring -emitter geometries of varying widths were em- 
ployed to evaluate current -crowding effects. The agreement between 
analysis and experiments is excellent for the base -widening theory and 
is within 20% for emitter -current crowding. 
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Introduction 

A bipolar power transistor is designed to deliver appreciable power to 
a load with a reasonable input drive current at low collector -to -emitter 
voltages so that a minimum of power is dissipated internally. The 
high-level current gain at low collector -to -emitter voltages must, there- 
fore, be optimized, consistent with other major parameters such as 
voltage, power, second breakdown, switching speed, and cost require- 
ments. To date, this optimization has been accomplished primarily by 
empirical trial -and -error techniques. Theory has been used to provide 
directional guidelines, rather than absolute design values, because 
power transistors seldom operate in the well analyzed low -injection 
mode. In addition, they are particularly sensitive to emitter -current - 
crowding (emitter-debiasing or emitter-pinchout) and base -widening 
effects, and these phenomena are difficult to analyze theoretically. 

High -injection -level phenomena have been analyzed by Webster' 
and Fletcher." Essentially, conductivity modulation of the base results 
in an increased base -defect current and decreased emitter efficiency. 
As the base is conductivity modulated, drift fields established by doping 
gradients are swamped out and the net result is approximately a 
doubling of the injected -carrier diffusion constant. 

Emitter -current -crowding effects are caused by the imperfect (re- 
sistive) character of the base region beneath the emitter. The re- 
sistance beneath the emitter allows the emitter-base junction to be 
more forward biased at the edges than at the center. Although several 
authors have analyzed this phenomenon,3-6 most of the analyses were 
based on the assumption of an ideal transistor, which severely limits 
the applicability of the resulting models for device design. 

Base widening is a phenomenon that results from large injected - 
carrier densities in the collector-base depletion region. Early' and 
Kirks treated the effect, assuming a saturated -carrier velocity. Middle- 
brooks10 considered both unsaturated and saturated velocity effects. 
The influence of base widening on the deterioration of the saturation 
characteristic was recognized by Hahn." Base widening has also been 
analyzed by computer techniques.'-" 

In this paper, the phenomena of base widening and emitter -current 
crowding are treated as they affect the high-level, low -voltage current 
gain in power transistors. Because the derivations are not rigorously 
correct, the results are only approximate; their value lies in their sim- 
plicity and ease of application. First, a general expression relating 
current density and current gain at high injection levels is developed. 
Base widening is then treated, and the general expression is modified 
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for the varying base width as a function of collector -to -base voltage and 
collector -current density. Finally, an analysis of emitter -current crowd- 
ing is presented that yields two equations for an effective emitter 
width, the applicable equation being determined by the injection -level 

condition. 
The paper also presents experimental data supporting the theory. 

In general, the agreement between theory and practice is satisfactory. 
In many cases, the verification is well within the experimental error of 
the structure and resistivity determination. 

The analysis and the experimental work were performed on n -p -n 

devices, and all of the equations presented are in n -p -n nomenclature. 
With appropriate changes, however, the theory is also applicable to 
p -n -p structures. 

Current -Gain Fall -Off at High Currents 

The following section develops an approximate, but extremely con- 

venient, equation relating current gain and collector current in the 
fall -off region that applies to a non -current -crowded transistor free of 
base widening. The development is based on Webster's work.' The 
starting point is the do relationship between the common -emitter cur- 
rent gain hFE and the common -base current gain hFE, as follows : 

hFR 

hFE = 
1 - hFR 

aky 

1-/3*y 
[1] 

where /3* is the base transport factor and y is the emitter -current in- 
jection efficiency. Space charge and surface recombination currents 
have been neglected. The base transport factor /3k and the emitter - 
efficiency factor y may, in turn, be expressed as follows : 

Ra=1-8 [2] 

y = 1/(1 + [3] 

where 8 is the base recombination defect factor and is the base injec- 
tion defect factor. Substitution of these relationships in Eq. [1] yields 
the following expression for hFE : 

1 8 

hFE = . [4] 
8+1 8+1 
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If it is assumed that the transistor has perfect injection efficiency 
(1= 0) and a beta of ten, the base defect factor has a maximum value 
of 0.09. In the case of a transistor with less than perfect injection 
efficiency and the same gain, the base defect factor becomes even 
smaller. Thus, a very good approximation of hpE is given by 

1 

1rFE _ 
S+e 

The base defect term S is given by 

W ii2 
S= 

( 2 L$' 

[5] 

[6] 

where WB is the base width, and L,,,j is the effective diffusion length 
of electrons in the base. 

The base injection term e is given by 

gpEDpE 

LPE' 

qnBDB 

WB 

[7] 

where q is the electron charge, pE is the density of holes in the emitter, 
nB is the density of electrons in the base, DPÉ and DÉ are the effective 
diffusion constants of holes in the emitter and electrons in the base, 
respectively, LPÉ is the effective diffusion length of holes in the emitter, 
and WB is the base width. This equation can be rearranged as follows: 

_ CDPE' 

\ QB0 

DÉ QEo 
[8] 

where QBo and QEo are the charges due to ionized impurities in the 
base and emitter, respectively, at equilibrium. 

Eq. [8] shows that e is simply the ratio of injection capabilities of 
the base (to inject into the emitter) and the emitter (to inject into the 
base) . These capabilities are directly related to the aN ailable majority - 
carrier charges (QBQ and QEO) within the appropriate length on both 
sides (WI, and LW) and their abilities to move by diffusion (DÉ and 
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DpÉ). Eq. [8] can be used to show the effect of conductivity modula- 

tion. When an electron is injected into the base, a hole also flows into 

the base to preserve local charge neutrality. As a result, the majority - 

carrier charge Q,j is increased. Similarly, a hole from the base injected 

into the emitter increases Q,;. In the presence of conductivity modula- 

tion, therefore, the e term is given by 

\DpE '\ \QBo 

+ OQB\ 

¡ 
r 

DnB Q/:o + -1QE 

[9] 

where AQB and .)QE are the incremental changes of total charge in the 

base and emitter, respectively. In most cases, QBo» >QE i therefore, 

Eq. [9] becomes 

_ (Dix 

/ \QB 

+ 
. 

DnB QEo 

[10] 

The change of total charge in the base _Q is easily related to the 
collector current Ic, as follows: 

'IQ B 2D,r8,QB 

where TB is the transit time in the base. 

Substitution of Eqs. [6], [10], and [11] in Eq. [5] provides the 
following expression for is. pc: 

1 

rrr:= . [12] 2Do:\ n' 

\Qlro'/ \2D 
II 

I'. ) 
n6 nB (2E0/I I\ D is' r,: QEo/ 

In the current -gain fall -off region, this expression reduces to 

hpE 
1 

DpE W,t"-Ic 

2(D Bg 2QE0 

[13] 
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or 

2(Dré )2QEU 
ltH.ec = 

. 
DpF. B2 

[14] 

Eq. [14] is valid only for high -injection -level conditions. Under these 
conditions, the electron injection from the emitter into the more lightly 
doped base is significant and causes the effective diffusion constant 
DF to become 2Dr¡. In contrast, the smaller hole injection from the 
base into the heavily doped emitter has a negligible effect on 
Thus, if the base width Wr1 remains constant, the product of collector 
current and current gain is a constant. If it is assumed that the 
injected election current does not diverge in flowing to the highly 
doped collector, Eq. [14] can be rewritten in terms of collector -current 
density Jc and an experimentally determined constant KR, as follows : 

W J 2h FRJc = Kr. 

Eq. [15] is used as the basis for subsequent work. 

Base Widening 

[15] 

Bipolar power transistors of n+ -p -n --n+ variety suffer a degrada- 
tion in current gain at high currents as the collector voltage is reduced 
and approaches the true saturation voltage. This condition is illustrated 
in Fig. 1. Because the degradation causes a saturation -like effect at 
higher -than -normal saturation collector voltages, the degraded -beta 
region is referred to as the quasi -saturation region. The condition 
illustrated in Fig. 1 is a severe case and is characteristic of devices with 
wide, lightly doped n- regions. 

The quasi -saturation region arises because the base widens into the 
lightly doped collector n- region at low collector voltages and high 
collector currents. As the base widens into the collector n- region, 
injection efficiency y and base transport factor ,(i» deteriorate and de- 
crease current gain. 

The collector -to -base voltage profile of an n+ -p -n --n+ structure is 
illustrated in Fig. 2. A small current flow Jr through this region has 
three effects. First, the mobile carriers (electrons) on the base side 
of the collector depletion region act to terminate the collector field so 
that fewer acceptor sites are uncovered. The second effect of the 
mobile electrons moving through the depletion region is to modify the 
depletion region on the collector side. In this case, the mobile charge 
subtracts from the fixed -donor -site charge and, therefore, causes the 
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Fig. 1-Illustration of quasi -saturation in an n+ -p -n --n+ transistor. 

depletion region to expand in order to uncover the required terminating 
charge. The third effect of the current flow in the collector of the 
transistor is to introduce an ohmic voltage drop in the undepleted 
portion of the collector n- region. Because this voltage subtracts from 
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Fig. 2-Base-collector voltage distribution for various collector -current den- 
sities J. 
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the applied collector -to -base potential, less voltage is available for the 
depletion region. As a result of the current flow J1, the base moves 
somewhat toward the collector and begins to widen. If the current is 
increased to a larger value J_, the potential profile is markedly changed. 
Almost the full collector -to -base voltage is dropped across the ohmic 
n- region and the base widens to approximately the metallurgical 
junction. 

If the collector -current density is further increased, the base widens 
rapidly, as illustrated in Fig. 2 by the curves for current densities 
J3 and J4. In these situations, the ohmic drop in the full n- region is 
larger than the applied collector -to -base voltage. Because this condition 
is impossible, the width of the ohmic n- region adjusts itself (shrinks) 
so that the ohmic voltage drop approximately equals the applied V. 
The remaining portion of the n- region, which abuts the base, does 
not have any appreciable electric field and, therefore, must possess local 
charge neutrality (or nearly so). If the electric field is low, the mobile 
charge density must be high to pass the required current density. The 
region maintains local charge neutrality with a high electron density by 
allowing holes from the base to move into the region along with the 
electrons, which in effect is forward biasing the metallurgical base- 
collector junction. The metallurgical junction cannot prevent the holes 
from entering the n- region because the mobile charge densities are 
so large that the fixed donor and acceptor densities forming the dipole 
layer are swamped out.' The portion of the n- region that has a low 
electric field, a large density of mobile charge, and charge neutrality is 
really an extension of the base. In the plasma -like region, the carriers 
move by a combination of drift and diffusion as they do in the base. 
Furthermore, the potential of the plasma -like region is determined by 
the potential of the base rather than that of the collector. In effect, a 
region that was originally a portion of the collector becomes conductiv- 
ity modulated and serves as an extension of the base:» 

An approximate solution for severe base widening can be obtained 
as follows : First, the widths of the ohmic portion of the n- region Wo 
and space -charge region WR,, which matches the ohmic region to the 
base plasma, are determined, as shown in Fig. 3. The sum of these two 
regions, when subtracted from the n --region metallurgical width, yields 
the width of the extended -base region .Wa; 

,1478=W-_W8C-Wo [16] 
The definitions of the base and collector used here are functional definitions, rather than metallurgical. 
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In determining the width of ohmic region, it is necessary to realize 

that it is a region in which the injected mobile charge density n does 

not exceed the fixed positive donor -site density ND, and local charge 
neutrality is preserved. The collector -current density in the ohmic 

region is given by 

Eo 
Jo = 4µnNDEo = - . 

Pn- 

VCB 

'- W80 -.1"If 
.---Wg I -:1WSC _Wo 

% Wñ . WBM 1 

ORIGINAL OHMIC 
BASE REGION 

EXTENDED SPACE - 
BASE CHARGE REGION 

[17] 

Fig. 3-Diagram illustrating a severe case of base widening (J.> M. 

whereµn is the mobility of electrons in the collector and Eo is the electric 

field in the ohmic n- region. The electric field E. is thus given by 

Eo = JoPn- [18] 

This electric field must be matched to the low value which exists in the 

extended -base region; this matching is accomplished by a space -charge 

region, as discussed in Appendix A. 

In most high -voltage power transistors, base widening resulting 
from the ohmic voltage drop is so dominant that it alone limits the 

maximum collector -current densities to low values. At low collector - 

current densities, the voltage drop and the width of the space -charge 

region are small and a further simplification can be made by totally 
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neglecting it. In this case, the amount that the base widens is given by 

WB = (Wn-) - (Vc6/JcPn-) [19] 

Despite its simplicity, Eq. [19] predicts the quasi -saturation curves of 
high -voltage devices quite well. It is important to note that the onset 
of base widening Veil is given by 

Tice' = (p-)(W-) (JC) . [20] 

This equation indicates that the locus of the critical voltage as a func- 
tion of collector current is simply the n --region resistance. 

The relationship developed earlier between collector current Ic and 
current gain //FE (Eq. [15]) can be combined with the base -widening 
analysis. If the device is free of emitter -current crowding, the constant 
KE is given by 

WB JiFEJC - KE. 

The amount of base widening .114711 is given by 

[21] 

-147,3= (Wn-) - (Vc6/JcPn-) 122] 

Addition of Eq. [22] to the original base width WBO 

WB = WBO + Wn-- (VcB/JcPn-) 

Eq. [21] can then be rewritten as follows: 

VO6 2 

(147 1111 JOhFE = KE. 
JCPn- 

gives 

where Wpm is the sum of the base and n- regions, as follows: 

WB3I - 1.41 BO+ Wn- 

The gain in the quasi -saturation region is thus given by 

ILFE - KE 

¡ Van 12 
. 

JC` lBi f 

JCPn- 

[23] 

[24] 

[25] 

[26] 
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At VEE 0, the base width is WEN, and hFE becomes 

hFE 
KE 

W B2Ja 
[27] 

The transistor then acts as an n+ -p -n+ structure with a wide base. 

BASE 

2xE - 

v(x)-ry 
i 

\ 
Vo - 1 JE(x). JE(o)EXP (V(x)/Vo) 

Fig. 4-Diagram illustrating injection distribution beneath the emitter. 

Emitter -Current Crowding 

The tendency for the emitter current to be concentrated near the 
emitter edges is significant in most power transistors and is caused by 
the voltage drop in the base beneath the emitter, which results in 

de -biasing at the emitter center.' The effect is most troublesome at 
high injection levels at which the base injection current is large. An 
exact solution of the problem is difficult and is complicated by the 
multiplicity of effects occurring simultaneously (base -width widening, 
base -conductivity modulation, and non -uniformity of current gain hFR 
beneath the emitter). Actually, analysis of a severely crowded design 
is not what is desired. Instead, the device engineer wishes to know how 

to design a device reasonably free of crowding. Analysis for the latter 
condition is much simpler and is the approach followed in this paper. 
As shown in Fig. 4, the emitter -current density JE(x) is given by 

Js(x) = JE(o) exp [V(x)/Vo] [28] 

* Emitter -current crowding is also known as emitter de -biasing or 
emitter "pinchout". 
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where JE(o) is the emitter -current density at the center of the emitter, 
V(x) is the voltage in the base beneath the emitter, and V° has a value 
of 26 x 10-3 volt at 300°K. For this analysis, a device is defined to 
be free of current crowding if the maximum value of V(x) is equal to 
V0/2. Under this condition, the average current density JE is 0.81 
times the peak value, JEn and JE(o) is 0.6 times the peak value. 

Eq. [28] can be expanded (with only the first two terms retained), 
as follows: 

JE(x) = JE(o) [1 + V (x)/V°] [29] 

In the base region under the emitter, the voltage drop resulting from 
base current is assumed to be only ohmic, and the base resistivity is 
initially treated as a general term independent of x. This assumption 
is possible because the analysis is restricted to a device relatively free 
of current crowding rather than any device in general. This limitation 
allows the modulated base resistivity to be included in the final result. 
Thus, the differential voltage drop in the base is given by 

dV(x) 

= PbJb(x) 
dx 

[30] 

It can be shown that an elementary transistor contained in a distance 
dx satisfies the following equation: 

dJb 1 - hFE -= JE(x) 
dx WE 

Combination of Eqs. [29], [30], and [31] yields 

[31] 

d2V(x) (1 - ) 
= Pb JE(o) [1 + V(x)/V°], [32] 

dx2 WE 

which has the following solution: 

=f 
WEV° 11/2 

(1 - hF6)P11JE(0) 
cosh -1 [1 + V(x)/V0]. [33] 

Substitution of V(x) = 0.5 V° into Eq. [33] yields an effective emitter 
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half -width XE given by 

XE 

[ 
WEVo 

(1 - hFa) Pr3lEp 

11/2 [34] 

The effective emitter half -width carrying the average emitter current 
then becomes 

XE = 

or 

WBVo 

(1 - hF.B) pn 1.23 TE 

[35] 

WBVo v2 

XE = 0.9 [36] 
(1 - hFE)PJJE 

Eq. [36] can be rewritten 

V r/2 
0 

XE = 0.9 , 

[p]aaIe 
[37] 

where pas is the base sheet resistance. Eqs. [36] and [37] are applica- 
ble for low -level -injection conditions. If these equations are modified to 
include base -conductivity modulation, the results should be valid for 
high -level -injection conditions. Eq. [36] can be rewritten 

r nVa%LF.E 

XE = 0.9 
PAS 

[38] 

Under conditions of heavy base -resistivity modulation, the contribution 
of ionized impurities may be neglected in the base; the average base 
resistivity pa can then be expressed 

1 0.7 
P11= _ 

9(µn + µpp) 4µn(aNerage) 
[39] 

where n = p and µ = 2.5µp, and it is safe to assume that over a large 
portion of the base region the current satisfies the following condition : 
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dn 
JE = 2gDnb - 

dy 

or 

[40] 

2qDbnb (o) 
JE [41] 

WR 

The average density of electrons in the base nb is then given by 

JEWR 
nb- [42] 

2gt)nb 

so the average resistivity pR is, 

2.8 V. 
Pb 

JEWR 
[43] 

Substitution of Eq. [43] into Eq. [38] yields the following expression 
for the effective emitter half -width : 

X 0.54WR (hFE)1/2 [44] 

Eqs. [44] and [15] may be combined to show that (see Appendix B) 
the current -gain fall -off exceeds a -1 slope and approaches a -2 slope 
under severe current -crowding conditions. 

Experimental Work 

As a test of the validity of the theoretical predictions of 1/FE fall -off, 
measurements were made on three groups of transistors: (1) single - 
diffused n+ -p -n+ transistors, (2) double -diffused n+ -p -p --n+ trans- 
istors, and (3) double -diffused n+ -p -n --n+ transistors. Fig. 5 shows 
an example of the results obtained on transistors in the first group. 
These devices had ballasting and an interdigitated emitter geometry 
and were reasonably free of emitter -current crowding and edge injec- 
tion. They also had negligible base widening. The measured results 
agree quite well with the theory, showing the -1 slope predicted. These 
data were taken by use of pulse technique to minimize thermal effects. 

Fig. 6 shows typical results obtained on double -diffused transistors. 
The simplified theory described in this paper predicts that, at very low 
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Fig. 5-Gain fall -off in a special single -diffused transistor. 

collector -to -base voltages, the base widens to the n --n+ collector junc- 

tion. As a result, n+ -p -n --n+ and n+ -p -p --n+ transistors of the same 

geometry and structural dimensions should behave alike at high cur- 

rents. Fig. 6 shows that the results on the two types of transistors 
are similar and that the current -gain fall -off is as predicted. 
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Fig. 6-Comparison of the performance of n+ -p -p --n+ and n+ -p -n --n+ 
transistors with identical geometry and structural dimensions. 
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The theory also predicts that the locus of the onset of base widen- 
ing and quasi -saturation is given by Eq. [20]. Fig. 7 shows curves of 
collector current in the common -emitter configuration for an experi- 
mental high -voltage transistor. In this device, the collector n --region 
resistivity and thickness were carefully controlled. The curves show 
good agreement with the predicted locus at low to medium current 
densities. Similar observations were made by Hahn.' At high current 
densities, the agreement is less satisfactory because fields in the ohmic 
region of this particular transistor reach values where the velocity 
begins to saturate. The use of field -dependent mobilities yields a 
better agreement. 

1000 
Wri=3MILS p 75 OHM -CM 

4 
i 800 

u 
H 

z 600 
W 
rc 

u 
cr 

400 
O r u 
w J 
0 200 u 

THEORETICAL 

I.1L2 mA 

10 

8 mA 

6 mA 

4 m4 

BASE CURRENT (I =2mA - 
0 2 4 6 8 10 

COLLECTOR -TO -EMITTER VOLTAGE (VCE)-V 

Fig. 7-Onset of quasi -saturation. 

Eq. [26] has also been used to predict the beta fall -off for a number 
of different double -diffused power transistors. Experimental and theo- 
retical results for two of these transistors are shown in Figs. 8 and 9. 
Because the collector -to -base voltage was held constant in the compu- 
tations, while the collector -to -emitter voltage was held constant in the 
experimental measurements, some disagreement is noted at the lower 
voltages. Better agreement is obtained in Fig. 9, if the following rela- 
tionship is used: 

VCE-VQB+VBE [45] 

For experimental verification of the theory developed on current 
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Fig. 8-High-gain fall -off of double -diffused transistor (example 1). 
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Fig. 9-High-gain fall -off of double -diffused transistor (example 2). 

IO 

RCA Review Vol. 32 June 1971 237 



OUTER BASE INNER BASE 
CONTACT 8 CONTACT Bo 

TER 

X 1P l - 
_r 

T 
BASE 

_ COLLECTOR 

_COLLECTOR n 

r EMITTER 
I CONTACT 

n 

) 

2 mils, 
//iJ / 5mlls 

GEOMETRY No.l GEOMETRY No.2 

LATERAL 
INJECTION 

BULK INJECTION 

- IO mils - 20 mils 
GEOMETRY No. 3 GEOMETRY No.4 

Fig. 10-Current-crowding experimental vehicles. 

crowding, four ring -emitter geometries were employed. These four 
geometries were grouped on the masks, as shown in Fig. 10, so that a 
given wafer contained groups of transistors of each geometry. The 
ring -emitter geometry was selected because it allows both direct 
measurement of the base sheet resistance beneath the emitter and ap- 
plication of base drip a to one or both base contacts. Figs. 11 through 
14 show typical sets of current -times -current -gain characteristics for 
the four geometries. Each figure shows the influence of base drive 
point. The following effects should be noted : 

[1] The peak current gain is greatest for the 20 -mil -wide 
emitter and decreases as the emitter width decreases. 
[2] Application of base drive to both of the base contacts 
results in the best high -current performance. The difference is 
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Fig. 12-High-current performance of geometry No. 3 in Fig. 10. 

less pronounced as the emitters become narrower. Very little 

difference in drive points is observed in the 2 -mil -wide emitter. 

[3] The rate of current -gain fall -off approaches the ideal (-1) 
slope in the 2 -mil -wide emitter. Faster fall -off is observed as the 

emitter width increases. 

The sheet resistance beneath the emitter was measured in a con- 

ventional manner. Interestingly, the actual emitter -mask opening sizes, 

without lateral diffusion correction, had to be used in the calculations 

to obtain consistent data. For the devices discussed, the measured 

sheet resistance was 2000 ohms per square. 
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8 1000 

As noted, the peak gain value decreases as the emitters become 
narrower. This effect is explained as follows: A fraction of the injec- 
tion from the emitter edge contributes to base current but not to 
collector current. The situation is illustrated by the diagram in Fig. 10. 
A simple analysis shows that with uniform injection (at low collector 
currents) the measured hFE of the device is given by 

hFE = 
hFE (max) 

KPE 
1+ 

AR 

[46] 

where AR is the emitter injection area and PE is the emitter periphery. 
In this expression, the ratio of the excess edge to useful bulk base 
current is assumed to be proportional to emitter periphery and emitter 
width, respectively. The data fit this equation reasonably well when the 
actual emitter mask opening is used for AE. From this calculation, the 
maximum current gain hFE(max) for all of the geometries is 110 and 
occurs at collector -current densities of approximately 10 amperes per 
square centimeter. Fig. 15 shows current -gain curves for the four 
geometries with outer base drive and the edge -injection component 
removed. If the collector currents in Fig. 15 are divided by the appro- 
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with a bulk injection component. 

priate emitter areas, curves of gain as a function of average collector - 

current density are obtained, as shown in Fig. 16. These curves clearly 

show the superiority of the 2 -mil -wide emitter geometry. In this 

geometry, the fall -off slope is (-1) at an hFE of about 50. At //FE values 

lower than 50, the slope is greater than the ideal (-1). 
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Discussion 

The equation developed previously relating current gain and collector 
current at high injection levels is basic to the base -widening and 
emitter -current -crowding discussions of this paper. The derivation of 
this equation is admittedly simplified by the following assumptions. 
(1) The drift field in the base caused by the doping -impurity gradient 
is swamped out and replaced by a field that effectively doubles the 
minority -carrier diffusion constant. This assumption is standard at 
high injection levels. (2) The drift field in the emitter remains con- 
stant and is not affected by injection from the base back into the 
emitter. This assumption is also standard but should be questioned at 
very high current levels where the current gain is less than 10. (3) The 
current flow in the base and collector regions does not diverge. This 
assumption depends on the dimensions (aspect ratio) of the device 
under consideration and is usually reasonable for power transistors. 

The derived relationship between the collector current and current 
gain is experimentally substantiated in three different ways. First, the 
gain fall -off slope of a transistor with reasonably constant base width 
and emitter -injection area is shown to agree very well with the theory. 
When the equation is modified to include base widening, the experi- 
mental results again correlate well with the theory. Finally, when 
emitter geometries are varied, the slope is shown to approach the 
theoretical value of (-1) as the emitter width approaches the non - 
crowded case. 

The high -level -gain equation developed for devices with base widen- 
ing is also simplified, but also seems to fit the experimental data quite 
well. A key experiment in support of the base -widening theory is the 
comparison of similar n+ -p -n --n+ and n+ -p -p --n+ transistors. Fig. 6 
shows that the peak current gains for the two devices are different. 
This difference is expected, since /3'° is the controlling factor at lower 
currents. The current gain of the n+ -p -n --n+ device falls off as the 
collector current increases due to base widening and the resulting addi- 
tional recombination loss (controlled by the lifetime and width of the 
extended base region). At a certain collector current the base ap- 
proaches the n+ collector region and the transport factor ceases to 
change appreciably. Above this current, injection efficiency becomes 
the controlling factor in the current gain. Thus, at these current levels 
the performance of the two structures should be identical as the data 
show. It can also be stated (although no experimental data is pre- 
sented) that f , contour curves correlate well with the calculated 
widened base widths.18 
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The derivation of an effective emitter width is, like the other 
equations, simplified and perhaps the least accurate. The ring -emitter 
experiments indicate that, for the structure studied, a 2 -mil -wide 

emitter is the most efficient and reasonably free of crowding. This 

structure has a gain fall -off slope, when driven from the outside base, 

less than that of the wider emitters (ignoring the anomalous 20-míl- 

wide emitter ring temporarily), and the slope approaches the ideal 

(-1). At a gain of approximately 50, the slope is (-1). Insertion 
of this gain value and the measured base width of 0.7 mil in the 
developed equation ields an effective half -emitter width of 2.5 mils, 

which is in reasonable agreement with the theory. Similar checks on 

the other geometries could not be made because of thermal problems or 

because the (-1) slope appears too close to the peak current gain and 

the equations are not applicable. 
The 20 -mil -wide emitter is quite different from the others. Its 

behavior is explained as follows : The 20 -mil emitter is so wide that the 
injection is crowded at the edge even at low average current densities. 
As a result, the edge portion of the emitter reaches gain fall -off current 
densities much earlier than the center region. The resultant gain fall- 
off curve is a composite of the constant -gain areas and areas in which 

the gain is decreasing. It can be easily demonstrated that such be- 

havior yields the type of gain fall -off shape observed. The theoretical 
equation for the effective emitter half -width at low injection levels 

supports this explanation because it yields a half -width of 4 mils at a 

current density of 10 amperes per square centimeter. 

Summary 

Theoretical equations have been developed to describe the low -voltage, 

high -current behavior of power transistors. It is shown that these 
des ices ideally should display a constant current -gain -times -collector - 

current product at high injection levels. If the performance differs 

from this ideal, then base -widening and/or emitter -current -crowding 

effects are present. The approximate equations developed allow the 
calculation of these effects as they modify the current -gain -times - 

current product. The validity of the approach is established by direct 
measurements on a variety of transistor geometries and structures. 
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Appendix A-The Space -Charge Region 

The space -charge region is a region very similar to the sheath that 
develops in a gas tube at a plasma -to -electrode interface. The solid- 
state problem is complicated by the fixed charges in the lattice. Pois- 
son's equation for this region is 

dE q -= - [ND - n(x)]. 
dx ErEo 

[45] 

If it is assumed that the carriers move entirely by drift and the fixed 
donor charge is neglected, an approximate result valid throughout most 
of the space -charge region is easily obtained. Actually, because the 
neglected diffusion phenomena and the positive charge at the donor 
sites both act to aid in the conduction process through the space -charge 
region, the simplified computation is pessimistic. Eq. [45] then becomes 

dE q =--n(x) _ 
dx ErEo 

Je 

ErEOPnE(x) 
[46] 

where the field aries from the value at the edge of the extended base 
to that which exists in the ohmic region (Eq. [18]). Usually the field 
in the base region is sufficiently low so that no great error is introduced 
by the assumption that it is zero. With this assumption, the width of 
the space -charge region is given by 

ErEoJe 
W8C = . 

2g2µnNO2 

The voltage drop across the space -charge region is given by 

1/ 
8 Jc \1rJ2 

VF( = 
1 1 (' RC).3/.. \ 9 ErEoµn /jI 

[47] 

[48] 

Eq. [48] is the well-known expression for space -charge current flow. 
By use of the space -charge and ohmic -region relationships, the fol- 

lowing equation can be developed for the total width of both regions : 

Wo Wac = (Vcn/JOPn-) -I- (1/6) JQPn-2ErEoµn [49] 
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This width, when subtracted from the width of the n- region, yields 
the amount of base widening (Eq. [16]). This equation is valid only 
for the following condition: 

W_ > w , + Wo. [50] 

Appendix B 

If all of injection is assumed to take place within XE, then the collector 
current density can be expressed 

Jc = la/XEPE, [51] 

where PE is the emitter perphery. Substitution of Eq. [51] in Eq. [21] 
yields 

W U2h FE 

le 
= KE. 

XEPE 

Combination with Eq. [44] then gives 

or 

W B2hFE 

lc 

0.54WE(hFE)112pE 

hFEl02 = constant. 

= I{E 

[52] 

[53] 

[54] 

Equation [54] indicates that the current -gain fall -off under current - 
crowded conditions assumes a -2 slope on a log hFE-log IC plot. It 
should be recognized that Eq. [54] is very approximate and is included 
only to show the effect of severe current crowding on the collector- 
current-current-gain product. In practice, transistors free of base 
widening and subject to emitter current crowding show gain fall -off 

slopes that approach this condition only at extreme currents. 
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Observation of the Influence of 
Base Widening Upon Beta and fT 

C. F. Wheatley, RCA Solid State Division, Somerville, N. J. 

Abstract-The quasi -saturation region of a bipolar transistor operating at low 

voltages and high current densities has been analyzed by use of a 

base -widening model. If the model is correct, it appears that both 

current gain (beta) and gain -bandwidth product (IT) begin to decrease 

with the onset of base widening. Because this behavior is difficult to 

verify for most power devices as a result of the distributed nature of 

large transistors, small transistors were used for experimental verifica- 

tion of these influences. 

The transistors evaluated were fabricated by an integrated -circuit 

process and had the structure shown in Fig. 1. Two emitter lengths 

were used, 1.5 and 3.5 mils. The collector bulk resistance of Fig. 1 is 

of a most complex form in the exact case, but it may be approximated 

as consisting of three terms: R5, R2, and R3. R1 is the resistance from 

the external collector contact to the burled n+ layer. It is determined 

primarily by physical dimensions and the epitaxial n -type layer, and 
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Fig. 1-Structure of transistors that were fabricated by an integrated - 
circuit process. 
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generally cannot be conductivity -modulated. R2 is the resistance 
through the buried n+ layer and, like R1, cannot be significantly 
conductivity -modulated. The third term, R3, is the term that may be 
substantially modified by base -widening effects. It is formed from the 
epitaxial layer between the collector -depletion layer and the buried n+ 
layer. The emitter bulk resistance may be considered insignificant for 
this study. 

If it is assumed that there is some spreading of current and ap- 
proximately a 1-µm diffusion of the n+ collector contact diffusion, the 
value of Rl is of the order of 15 ohms for the smaller transistor Q1 and 
10 ohms for Q2. The lateral resistance through the buried n -type layer 
is about 3 ohms for Q1 and 1.5 ohms for Q2. 
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The third component of collector bulk resistance is somewhat more 

difficult to evaluate. If the current level is sufficiently low, emitter in- 

jection is fairly uniform and the calculation is fairly simple and similar 

to that for the first component. The resulting values are 90 ohms for 

Qi and 40 ohms for Q2. However, at current levels of the order of 10 

and 20 milliamperes, respectively, edge crowding compounds the analy- 

sis. If radial current flow is assumed, and line injection from the 

emitter edges is further assumed as the worst case, it is reasonable to 

assume that collector current flow initiates from a semicylindrical 

boundary with a radius equal to the base width. This simplified model 
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results in maximum values of the third component of collector bulk 
resistance of 180 and 90 ohms, respectively, for Q1 and Q0. 

If the temperature is increased from 25°C to 125°C, the resistances 
associated with the buried layer increase about 50%, while those asso- 
ciated with the epitaxial layer are approximately doubled. Edge crowd- 
ing is not substantially altered by the elevated temperature. 

Fig. 2(a) shows the collector characteristics of Q1 at 25°C for 
constant steps of base current, with data points defining the fT contour 
curves for Ql superimposed on the photo. The straight line with the 
steeper slope represents the ohmic effects of the first two components of 
collector saturation resistance. This line should correspond to the Rs .T 
of the heavily overdri\en transistor. The double -sloped line represents 
the ohmic effects of all three components of collector saturation 
resistance, as calculated previously. Current gain and fT characteristics 
below and to the right of this curve should be slightly dependent upon 
voltage and current, while the characteristics above and to the left of 
this curve should be quite variant with voltage and current. 

Fig. 2(b) shows similar information for Q1 at 125°C with the fT 
data omitted. Figs. 3(a) and 3(b) show curves for the larger tran- 
sistor Q. at 25°C and 125°C. 

It can be seen that the initiation of f r degradation associated with 
operation in the quasi -saturation region can be well understood and 
predicted from ohmic calculations or curve -tracer observations. Al- 
though distributed effects in power transistors are more difficult to 
predict, similar methods can provide some insight to these effects. 
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Systems and Technologies for Solid -State 
Image Sensors* 

Paul K. Weimer, RCA Laboratories, Princeton, N. J. 

Abstract-An extended research program on self -scanned solid-state image 

sensors at RCA Laboratories has included scanning by charge transfer 

and by x -y addressing. Experimental arrays have been fabricated by 

thin-film techniques and by silicon technology. This paper compares 

and evaluates these contrasting approaches to the design and fabri- 

cation of two-dimensional sensors. 

Introduction 

Until very recently nearly all systems for solid-state scanning of 

image -sensor arrays have involved some form of x -y addressing. Inte- 
grated scan generators, such as parallel -output shift registers or 
decoders, have been located on the periphery of the sensor array, either 
on separate substrates or on the same substrate with the sensor. 
Within the past year the concept of charge transfer, as exemplified 
by the "bucket brigade" circuit of Sangster and Teer` or the "charge - 
coupling" principle of Boyle and Smith,' has made possible an entirely 
new approach to solid-state scanning. Instead of sampling the picture 
signal at each element by the coincidence of pulses from the two scan 

generators, the elemental charge pattern produced by the image can he 

transferred substantially intact to the edge of the array where it is 

converted into a video signal. 
Because of its novelty, the charge -transfer approach, and in par- 

ticular the charge -coupling version, has received much attention. Our 
investigation of bucket -brigade sensors has demonstrated that two- 
dimensional imaging by charge transfer is indeed possible, and may 
offer some advantages. However, the use of charge transfer introduces 
limitations as well, and its relative merits in comparison with the more 
advanced forms of x -y addressing must be carefully eNaluated. 

* This paper is based upon an invited talk which was presented at the 
1971 IEEE International Convention, New York, N. Y., March 24, 1971. 
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Charge -Transfer Scanning 

Fig. 1 shows a photomicrograph of a portion of a bucket -brigade 
sensor.' An array of 15 x 32 diffused silicon 1 hotodiodes covered with 
an insulated electrode pattern is scanned line by line by the transfer 
of the accumulated charge pattern along each horizontal row to the 
edge of the array. The clock voltage, which causes the pattern to be 
transferred out when a given line is scanned, is disconnected from all 

CONDUCTOR 
+--SENSOR 

CONDUCTOR .p . ROW N 

N+I 

---1420µmF- 

Fig. 1-Photomicrograph of a portion of a 15 X 16 element photodiode 
array employing internal bucket -brigade scanning. Each element 
comprises 2 photodiodes, 2 MOS transistors, and 2 capacitors. 

lines except the one being scanned. The light from the scene is con- 
tinuously absorbed in the depletion region surrounding each photo - 
diode, causing the charge pattern to accumulate on the diffused islands 
under the gate electrodes. Although continuous illumination may intro- 
duce some smearing of the pattern during the transfer process, this 
effect would normally be negligible if the time to scan a single line is 
a small fraction of the total frame time. The ratio of line time to 
frame time is 1 :500 for standard television scan rates. 

Fig. 2 shows the equivalent circuit of the sensor of Fig. 1, with the 
addition of a bucket -brigade vertical register that gates the horizontal 
clock drive to each row in sequence. This circuit is simple to fabricate, 
since a single diffusion step forms the conducting regions that simul- 
taneously serve as photodiodes, as sources and drains for the tran- 
sistors, and as one plate of the elemental capacitors. Oxidation of the 
silicon and a final layer of metallization complete the structure. 

The line -by-line method of scanning by charge transfer can be used 
equally well with a charge -coupled sensor. Charge -coupled sensors 
differ from bucket -brigade sensors in that the diffused elemental islands 
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are omitted in the charge -coupled array. Minority carriers released by 

the light are collected at the surface of the semiconductor and trans- 
ferred along the surface by the application of clock voltages to the 
electrode structure. The line -by-line transfer method can be used with 
either sequential or interlaced scanning, and does not require addi- 
tional space for storage external to the photosensitive al ea as required 
for some systems in which all columns are transferred out in parallel.' 
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Fig. 2-Equivalent circuit of the bucket -brigade charge -transfer sensor 
illustrated in Fig. 1. A bucket -brigade scan generator gates on 
the horizontal clock to successive pairs of conductors. 

An operational advantage of charge -transfer sensors over conven- 

tional x -y addressed sensors is expected to lie in improved sensitivity 
and uniformity. If the charges can be transferred with negligible loss 

from the array to a common external electrode, the signals from all 

elements will be treated alike and can be measured with minimum 
interference from spurious background signals. On the other hand, 
when the light pattern is measured directly at each element by means 
of conventional x -y address strips, switching transients from the hori- 
zontal scan generator may introduce a spurious background level that 
limits both sensitivity and uniformity. 

The circuit of Fig. 2 illustrates two methods of extracting the 
signal from a charge -transfer sensor. The total charge arriving at a 
common electrode can provide the video output current directly. Al- 

ternatively, a high input impedance amplifier, such as an NIOS tran- 
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sistor, near the end of each line can be used to convert the voltage 
fluctuations into a video signal. 

The 15 X 16 element bucket -brigade sensor was operated success- 
fully at 300 kHz clock frequency in both the current- and voltage - 
sampling modes. A 32 x 44 element bucket -brigade sensor incorpo- 
rating a 32 -stage bucket -brigade shift register for vertical scanning 
is now under construction. 

The successful fabrication of high -resolution, two-dimensional ar- 
rays having 500 x 500 elements that are scanned by charge transfer 
will require transfer efficiencies exceeding 99.9% per stage. If the 
array is to be scanned at television rates, the horizontal clock fre- 
quency will approach 10 MHz. Transfer efficiencies of more than 99.9% 
at one MHz have been reported for both bucket -brigade' and charge - 
coupled' devices. There is a reasonable expectation that the necessary 
improvement in efficiency at higher frequencies will ultimately be ob- 
tained with either type of transfer. The charge -coupled devices might 
be expected to operate at higher frequencies than the MOS bucket - 
brigades, since transit times can be reduced more effectively by the use 
of fringing fields under the electrodes' However, the effect of surface 
states' upon the high -frequency performance of charge -coupled devices 
has not yet been determined. 

It is at present premature to compare the ease of fabrication of 
bucket -brigade and charge -coupled sensors with each other or with 
x -y addressed sensors. Each will require the development of a more 
advanced integrated -circuit technology to build sensors that approach 
the performance of camera tubes. Both bucket -brigade and charge - 
coupled sensor arrays of modest size can be produced in silicon with 
one diffusion and a single layer of metallization. The charge -coupled 
arrays can probably be made with smaller element sizes, yielding 
higher resolution for the sensor. 

An advantage of the bucket -brigade circuit is its versatility in 
applications requiring multiple inputs or outputs. An example of this 
is the bucket -brigade scan generator' shown in Fig. 2. Such registers 
can be built with one MOS transistor and one capacitor per stage, 
whereas a normal MOS register requires 6 transistors and two capa- 
citors. Bucket -brigade registers can also be used in conjunction with 
other types of sensor elements such as photoconductors and photo - 
transistors, as well as photodiodes. Fig. 3 illustrates the use of two 
bucket -brigade scan generators for scanning a capacitor -driven 
phototransistor" array. Since no charge can be removed from the mid- 
points of a bucket -brigade register, it cannot drive electrodes that draw 
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current, but it is satisfactory for gating a row of MOS transistors such 
as are normally used in coupling to an array. With this sensor the 
video output can be derived from either the common collector substrate 
or from the transistor bus. The entire structure is a relatively simple 
one that can be fabricated with two diffusion steps and one layer of 
metallization. It may be noted that the transfer -efficiency requirements 
are easier to meet in a scan generator where a single high-level digital 
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Fig. 3-A novel phototransistor array having a common collector output 
and scanned by means of two bucket -brigade scan generators. 

pulse is being transferred than where analog signals are being trans- 
ferred. Also, because the scan pulse advances one element on each half 
cycle of the clock, the clock frequency required for horizontal scanning 
is reduced by a factor of two and the total number of transfers is 
reduced by half. Thus for a 500 x 500 element x -y addressed sensor the 
horizontal clock frequency would be 5 MHz and the vertical clock 
7.5-15 kHz. Very low leakage will be required for a bucket -brigade 
register to run as slowly as required for vertical scanning, since the 
capacitors must hold charge for the total scan period of 1/60 second. 
The leakage requirement is over 100 times more severe than for the 
conventional dynamic MOS register, but is no more severe than re- 
quired for 1/60 second storage in the array itself. 
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Thin -Film Sensor Arrays 

In spite of the advanced state of silicon integrated -circuit tech- 
nology the fabrication of self -scanned sensors having unusually large 
aleas or many picture elements is difficult and costly. An entirely 
different technology based upon thin-film deposition techniques is being 
explored. For a number of years RCA, with support of the Avionics 
Laboratory at Wright Field, has carried on a research program on 
thin-film image sensors. In spite of the purely experimental status of 
thin-film transistors, this work has been on the forefront of the 
image -sensor field from the standpoint of the total number of elements, 
spacing between elements, degree of integration of the scanning cir- 
cuits, and elemental scan rates. Although single -line sensors were built 
for evaluation of scan generators, the investigation of two-dimensional 
arrays has remained the major research objective. 

In 1966 Ns built a solid-state camera containing a 180 x 180 element 
photoconductor-diode sensor that was scanned by two 180 -stage parallel - 
output thin-film shift registers' For many years, this array represented 
the largest number of elements to be scanned by integrated parallel - 
output shift registers. Fig. 4 is a photograph of the battery -operated 
camera and transmitter based upon the 180 x 180 element sensor. 

` 
Fig. 4-A photograph of a battery operated solid-state sensor camera 

incorporating the 180 X 180 element array. The video signal is 
radiated directly from the camera to a nearby receiver via UHF. 
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In 1968, an improved 256 x 256 element camera'° was built whose 
photoconductive sensor was scanned in 1/60 sec by two 256 -stage 
thin-film decoders. Fig. 5 shows a circuit diagram of the thin-film 
sensor and the integrated decoders that provided vertical and horizontal 
scanning. Each decoder was driven by two 16 -stage shift registers 
located external to the thin-film integrated circuit. The sensor and 
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Fig. 5-Equivalent circuit for the 256 X 256 element integrated sensor, 
including a transistor decoder for horizontal scanning, a diode 
decoder for vertical scanning, and video coupling circuit for signal 
enhancement by line storage. 

vertical decoder were deposited on one glass substrate, and the hori- 
zontal decoder and video multiplexer were deposited on a second sub- 
strate. These substrates were mounted on a printed -circuit card, as 
shown in Fig. 6, for convenient plugging into the camera. 

The 256 -output decoders were used instead of 256 -stage parallel - 
output shift registers because they were somewhat easier to construct 
than shift registers and could be made to operate at the 4.8 MHz clock 
rate required for scanning the array in 1/60 second. However, decoders 
require more complex drive circuits than registers and may introduce 
periodic defects into the transmitted picture. 
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A more significant innovation in the 256 x 256 element sensor was 
the use of line storage to increase the output signal level by approxi- 
mately 256 times. Simultaneous photocurients from all the elements 
along a given row were passed down the column address strips to the 
thin-film multiplexer. Charge was accumulated on the column capacitors 
for a line -time and then discharged sequentially into the video output 
bus. The increase in output signal obtained by line storage combined 
with the high quantum gain of the photoconductor led to a significant 
improvement in operating sensitivity although it was still somewhat 
less than that of the antimony sulfide vidicon. 

Work is now in 1 rogress on a solid-state camera employing a 
512 x 512 element sensor" in which the sensor is to be scanned at 0 

Fig. 6-The complete 256 X 256 element integrated thin-film image sensor 
deposited upon two glass substrates mounted on a printed -circuit 
board. 
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frames per second. This scanning rate requires a horizontal clock 
frequency of 9.6 MHz, or 100 nanoseconds for discharging each ele- 
ment. Since the capacitance of each address strip increases with array 
size, the ability of a decoder or shift register to discharge each strip 
in an element time is further reduced. One way of solving this prob- 
lem is by the use of the integrated parallel output decoder shown in 
Fig. 7. The total video signal is brought out through 16 parallel 
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Fig. 7-System design of the parallel -output decoder and external double 
store multiplexer to be used for extracting the video signal from the 
512 x 512 element sensor. 

channels whose individual frequency response need be no greater than 
300 kHz, or 1/16 of the total 4.8 MHz bandwidth. An external double 
store multiplexer (shown dotted) serially reassembles the information 
into a normal single -channel video signal of the original bandwidth. 
This system has been tested with a 256 x 256 element sensor and 
found to offer improved sensitivity over the earlier single -channel 
sensors. Fig. 8 shows a photomicrograph of the 512 x 512 element 
thin-film sensor with integrated scanning decoders on the same sub- 
strate with the sensor. The entire pattern was deposited in one pump - 
down of the vacuum system. Sensors having over 260,000 cross-overs 
have been produced entirely free of shorts. The glass substrate is 
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attached to a printed circuit card for convenient plugging into the 
camera. Each decoder consists of 32 groups of 16 each so that a total 
of 96 connections hal e to be made to the sensor. 

The thin-film techniques have proved to be very convenient for 
experimental samples because test circuits can be varied without re- 
quiring new masks. Freedom from defects in samples produced in a 
single vacuum have been very encouraging. Our present wire -grill 
masking facilities would allow fabrication of integrated sensors having 
up to 1000 X 1000 elements on one -mil centers. Thin-film techniques 
have also been used in the fabrication of sensors that cover too large 
an area for conventional silicon technology. Fig. 9 shows a photograph 
of a sensor array containing 960 photoconductor-diode elements de- 

posited on a glass plate 4 X 8 inches on a side." This sensor was 
built for use in a static card reader for standard -size computer 
punched cards. 

Thin -Film versus Silicon Technology 

A comparison of the relative merits of thin-film versus silicon tech- 
nology may be summarized as follows. For applications where the 
number of elements, physical dimensions, and spectral response can 
be obtained economically with standard silicon technology, this ap- 
proach would be the logical one. The ability to fabricate silicon photo - 
diodes with charge storage, phototransistors with gain, and bipolar 
and MOS integrated circuits that are stable and fast offers a tre- 
mendous capability that has not yet been fully exploited in image 
sensors. The thin-film approach has been found advantageous for 
sensors in which the requirements on total number of elements is very 
large or the physical size of the array must exceed the capability of 
the existing silicon techniques. The ability to fabricate complex circuits 
in one pump -down of a vacuum system offers significant advantages 
in the elimination of defects, one of the major problems in image sensor 
fabrication. 
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Fig. 8-Photograph of a 512 X 512 element photoconductor -diode thin-film 
sensor having integrated scanning decoders on the same substrate. 

. ..«,._. 

Fig. 9-Photograph of an 80 X 12 element photoconductor -diode sensor 
suitable for static reading of large -size computer punched cards. 
The sensor elements were deposited onto a 4 X 8 inch glass substrate 
by evaporation. 
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Optical Techniques for Detecting Defects in 
Silicon -On -Insulator Devices 

Richard A. Sunshine, RCA Laboratories, Princeton, N. J. 

Abstract-Observation of light emitted by and transmitted through operating 
devices can quickly and easily provide information about the device 

structure that is not obtainable from electrical measurements alone. 

With this technique, it is possible to detect imperfections such as non - 

uniformities in the junction, diffusion spikes, sites of localized break- 

down (especially at the edge of samples), inhomogeneities and defects 

In the film, peculiarities in the shape of the diffusion front, and regions 

of high thermal generation. The optical techniques should be very 

helpful in evaluating processing procedures for silicon -on -insulator de- 

vices, and in the development of protection diodes for SOS memory 

circuits. 

1. Introduction 

Devices made from silicon films heteroepitaxially grown on insulating 
substrates appear to be useful in high-speed switching circuits and in 

applications where radiation hardness is required. Consequently, the 
properties of these films, and of the junctions diffused into them, have 

been intensively investigated.' Most results reported to date have been 

derived from studies of the electrical properties of the films and devices 

as a function of film growth and processing parameters. These results 
are extremely encouraging. Substantial advances have been made in 

material quality, and extremely high performance circuits have been 

demonstrated.' Nevertheless, continued work on the characterization 
of films and devices is needed both to perfect the processing techniques 
and to develop new materials, such as silicon-on-spinel, and new devices 

such as protection diodes for computer circuits. While the electrical 
evaluation techniques have proven quite useful, it is often difficult to 

relate electrical characteristics with specific problems in the device 

structure or processing procedure. 

It has previously been observed that light can be emitted from 
plasmas in diodes in silicon on sapphire (SOS) without self-destruc- 
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icon,` and also that light can be absorbed in silicon -on -sapphire films 
when local heating occurs.' In this paper we discuss how these 
phenomena can quickly and easily be used to provide information that 
is not obtainable electrically about junction profiles, uniformity, and 
perfection. Each of the techniques discussed is illustrated with results 
from experiments using vertical junction silicon -on -sapphire diodes. 

2. Experimental Considerations 

The basic technique to be described involves observation of the light 
emitted by, or transmitted through, the electrically active region of 
the device while it is operating under various conditions of forward 
and reverse bias. To obtain useful spatial resolution, it is necessary 
to form the image of the operating device using a metallurgical micro- 
scope objective lens. These lenses usually have working distances of 
only a few mm. In the conventional arrangement, the microscope 
objective is positioned above the sample, and there is little or no room 
to make electrical contact to the devices using probes. This problem 
can be avoided by mounting the samples on headers and making contact 
to them using bonded wires. The light emitted from the sample can 
be photographed using this arrangement, providing the junction is not 
covered by metallization. 

A more satisfactory experimental arrangement," which is applicable 
to diode and transistor structures fabricated in semiconductor films 
grown on transparent substrates, is shown in Fig. 1. The sample rests 
on a transparent support above the microscope objective lens. Elec- 
trical contact for either do or pulsed operation is made using mechanical 
probes positioned above the device. The image of the active region of 
the device is obtained by focusing the microscope objective through the 
transparent support and substrate. Consequently, the device must be 
fabricated on a substrate with a polished rather than lapped -bottom 
surface. For observation of emitted light using this arrangement, 
metallization covering the active region of the device does not cause 
any serious problem. For observation of thermally induced changes ín 
the absorption of transmitted light, the illumination source is placed 
above the sample, and no metallization can be present over the region 
of the sample to be observed. 

With the apparatus presently available, the image may be viewed 
directly or photographed using microscope eyepieces, or it may be 
focused on the target of a very sensitive Silicon Intensifier Target 
television camera' and viewed or photographed from the kinescope of 
the video monitor. 
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ILLUMINATION 
SOURCE 

PROBE / PROBE 

/SAMPLE 

TRANSPARENT 
SUPPORT 

MICROSCOPE 
/OBJECTIVE 

Fig. 1-Experimental arrangement for high -resolution optical observation 
of light absorption and emission by SOS sample operating under 
dc or pulse conditions. 

The remainder of this paper discusses how observation of light 

emitted by the diode provides information. As an example, we use the 

results of a study of SOS vertical junction diodes fabricated in a 

manner similar to that discussed by Dumin and Silver.' A typical 

structure is illustrated in Fig. 2. The geometry was chosen so that the 

metallization does not cover the junction and the device may be viewed 

with transmitted light over its entire electrical length. 

PROBE 

SPACE CHARGE 
REGION 

PROBE 

-NDIFFUSION 

- SAPPHIRE 
SUBSTRATE 

2µm< L 300µm 
OHMIC (N -TYPE) 

SILICON 0.5µm<_155µm 
IOµm< W< 150µm 

Fig. 2-Geometry of SOS vertical junction diode. 
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3. Light Emission Studies 

Avalanche -Generated Light Emission 

It has been known for many years that if an imperfect junction is 
reverse -biased into avalanche breakdown, the localized sites of high 
current generation, or microplasmas, often emit visible radiation of 
electronic origin.' Kressel° has reviewed this phenomenon and the role 
of imperfections on the electrical breakdown of p -n junctions. He has 
shown that microplasma sites result from the presence of lattice 
imperfections in the space -charge region. These imperfections include 
dislocations, nonuniformities in the impurity distribution, spikes in 
the diffusion fronts, precipitates, structural imperfections, and me- 
chanical damage. He further points out that nonuniform breakdown 
can often be detected electrically by slope discontinuities in the 1-V 
characteristics in the breakdown region, soft reverse bias 1-V character- 
istics, or by large amplitude fluctuations of the current in the break- 
down region. They usually can be detected optically by light emission 
in discrete spots while the junction is reverse biased into avalanche. 

We have found that silicon -on -sapphire diodes do not give any 
electrical indication of nonuniform breakdown unless the junction is 
very poor. However, these diodes do emit visible light when and where 
avalanche current generation takes place. The intensity of the emitted 
light at any point in the junction is proportional to the avalanche - 
generated current density at that point. Consequently those inhomo- 
geneities that result in localized high electric fields will avalanche and 
emit light at a lower diode voltage than will the surrounding regions. 
Thus, the uniformity of the avalanche emission is a measure of the 
uniformity of the junction. 

Typical Light Emission from an SOS Diode 

As an example, consider the SOS diode whose electrical characteristics 
are shown on different current and voltage scales in Fig. 3. These 
characteristics are stable and reproducible. The breakdown is sharp 
and free of discontinuities in slope and large amplitude fluctuations of 
current. Thus there is no electrical indication of nonuniform current 
generation at microplasma sites or surface effects. The light emission 
pattern for this diode at various biases is shown in Fig. 4. At currents 
up to 1 mA we see that the current is generated at only 4 or 5 micro - 
plasma sites, even though the multiplication is in excess of 104. As the 
current is increased the a alanche becomes more uniform due to space - 
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Aisw 

-v 

Fig. 3-Typical I -Z' characteristics of a reverse -biased SOS diode shown 
on different current and voltage scales. 
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5 MA 

10 MA 

20 MA 

t T 
34 MA 

Fig. 4-Light emission from dc -reverse -biased diode whose electrical char- 
acteristics are shown in Fig. 3. 
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charge -induced depletion -region widening and due to the decrease of 

the avalanche coefficients as the device heats.' At 20 mA, no nonuni- 

formities in the avalanche emission can be detected. The 34 mA photo- 

graph was taken with the sample biased above the threshold for second 

breakdown, and will be discussed later. Thus we see that the avalanche 

emission pattern clearly shows the presence and location of nonuni- 

formities in the junction that cannot be detected electrically. One 

measure of the uniformity of the junction is the current density at 

which the avalanche becomes uniform. Our better junctions have ava- 

lanched uniformly at a current density about two orders of magnitude 

lower than the diode shown in Fig. 4. 

Fig. 5(a)-Avalanche emission from a diode in which avalanche breakdown 
is confined to the edge of the sample. 

Breakdown at Edge of Sample 

In Fig. 5a we show the avalanche emission pattern of a diode that 

avalanches strongly at the edges at several volts less bias than is 

required for avalanching in the rest of the junction. This localization 

of the avalanche at the edge of the sample cannot be detected elec- 

trically. The leakage currents are low, and the breakdown is stable, 

sharp, free of noise and "walkout" effects, and insensitive to moisture 

in the ambient. These electrical results strongly imply that the locali- 

zation of the avalanche is not due to surface effects, such as inversion 

layer formation or ionic motion, at the edge of the sample. We observe 

this preferential breakdown at the edges in nearly all samples where 
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the silicon is etched prior to the diffusions, and rarely in samples 
where the silicon is etched after the diffusion. Consequently, we con- 
clude that the avalanche probably occurs at the high -field region as- 
sociated with diffusion spikes at the edges of the samples. This edge 
problem can have three effects on the device characteristics. First, the 
breakdown voltage of the junction is reduced. Second, if a diode with 
preferential breakdown at the edges is reverse -biased with a large 
current, the avalanching region becomes hot enough for the doping 
impurity to migrate along the edge of the sample and short the elec- 

Fig. 5(b)-Avalanche emission from a diode which has failed due to migra- 
tion of the dopant along the edge of the sample. 

trically active region. Fig. 5b shows the avalanche emission pattern of 
a diode that had failed in this manner. While this failure mode does 
not cause problems with low -voltage, low -current MOS transistors for 
computer circuits, it is of critical importance to avoid this effect in the 
diodes used to protect these circuits from static -charge build up. 
Finally, these edge problems often increase the reverse leakage current 
of the diode. 

Diffusion Profile 

Observation of the avalanche emission pattern can provide qualitative 
information about the diffusion profile in these devices. An example is 
shown in Fig. 6. As has been shown by Burns and Scott'° the diffusion 
constant for doping impurity atoms can be very much higher near the 
silicon-sapphire interface than it is in the remainder of the film. Con - 
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sequently, when the diffusion front reaches this disordered region of 

high defect density, the dopant atoms can rapidly diffuse in the lateral 
direction. The resulting diffusion profile is shown schematically in 

Fig. 6. Avalanching takes place at the top and bottom of the film, 

where the fields are highest. The avalanche emission pattern in this 

DIFFUSION 
SOURCE 

SILICON 

SAPPHIRE 

Fig. 6-Schematic representation of doping profile, and measured avalanche 
emission for SOS diode in which rapid diffusion has taken place at 
the silicon -sapphire interface. 

case is a double line, as shown in Fig. 6, with the spacing between the 
avalanche emission lines being about 1.5 microns. Avalanche emission 

can be used to detect other gross features of the diffusion profile. For 
example, in cases where the time and temperature of the diffusion are 
so low that the diffusion front does not reach the sapphire interface, 
avalanche emission is observed from the junction curvature. This 
emission from the curvature is easily distinguished from that emitted 
by a through -diffused vertical junction, because it is faint and diffuse, 
and often extends under the metallization in our structure. 
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Defects in Parent SOS Films 

Even more information about defects in the device structure can be 
obtained by driving the diode into second breakdown under controlled 
conditions. The precautions that must be taken to avoid catastrophic 
failure (e.g., vaporization of the device) during these measurements 
is discussed elsewhere.' When a device is driven into second breakdown, 
it will fail at its weakest point unless the device is sufficiently well 
fabricated that the breakdown results from the properties of the 
silicon. Consequently, we can learn about the defect structure of the 
device by observing how the devices on a given wafer fail when sub- 
jected to extremely high current densities. It is especially helpful to 
examine the avalanche emission from a device in which the failure 
mechanism has damaged, but not destroyed, the device. An example 
is shown in Fig. 7. The diodes on this wafer failed due to the formation 

Fig. 7-Avalanche emission pattern of a diode that failed because of doping 
impurity migration. 

of diffusion spikes that short out the electrically active region of the 
device under high current conditions. No diffusion spikes could be 
detected before the diodes were biased into second breakdown. This 
diode was operated in the second -breakdown mode for approximately 
one half of a second. During this time the diffusion spike formed and 
extended approximately 10 microns into the sample. Although the 
physical nature of the second -breakdown process results in intense 
local heating at the constriction site, the time and temperature involved 
in this experiment were grossly inadequate to cause a 10 -micron 
diffusion in a normal SOS film. We therefore conclude that the film on 
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this wafer contained some form of defect that allowed the rapid local 

diffusion of impurity atoms under second -breakdown conditions. Again 

we emphasize that this conclusion could not be reached on the basis of 

the usual electrical characterization of the device. 

Sites of High Thermal Generation 

Dumin4 has shown that properly fabricated SOS diodes can withstand 
being reverse biased into second breakdown for many hours without 
appreciable degradation. Sunshine' has shown that the avalanche process 

tends to maintain the uniformity of the current flow prior to second 

breakdown. Consequently, the junction temperature is rather uniform, 
but is slightly higher in the center of the sample than at the edges due 

to heat -flow considerations. Second breakdown occurs when some region 
of the junction becomes hot enough so that the thermally generated 
reverse current can take over the conduction process from avalanche 
generation. At this point, the avalanche becomes thermally quenched, 

the uniform current distribution collapses, and the current flows 

through a constriction in the junction. The thermal quenching of the 
avalanche will occur at that point in the junction where the thermal 
generation rate of carriers is highest. The position of the thermal 
quenching is experimentally determined by observing where the ava- 

lanche emission is extinguished. 
For most devices, the distribution of generation centers is uniform 

across the width of the junction, and the thermal quenching takes 
place in the center of the junction, where the temperature is highest. 
The 34-mA photomicrograph shown in Fig. 4 is an example of this 
behavior. The light emission in the center of the junction of this 
sample is due to incandescence. However, we have seen cases where 
the quenching takes place at the edges of the sample, even though 
doping irregularities at the edges could not be detected from the 
avalanche emission pattern. We concluded that the edges of these 
diodes contain a high density of defects that serve as thermal genera- 
tion centers. The detection of such defects is important in the fabri- 
cation of protection diodes, since these defects invariably reduce the 
power handling capability of the diode. 

4. Light -Absorption Measurements 

Use of Thermally Induced Changes in Light Absorption 

The absorption of light by a semiconductor increases as the tem- 
perature increases. Consequently if a thin SOS device is illuminated 
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with transmitted light, it will appear more opaque when and where it 
becomes hot. This effect can be used to study the buildup of local 
heating in operating deg ices. Since local heating is several orders of 
magnitude higher at a point of avalanche generation-where both j 
and E are high-than in the surrounding regions, observation of 
thermally induced changes in optical absorption can be used to study 
junction perfection in a way very similar to avalanche emission. The 
absorption technique can also be used in high -resistivity material, 
where the avalanche emission is too faint to be useful. 

There is one important difference between the absorption and 
emission techniques. Local defect sites where significant heating takes 
place cannot be distinguished from their surroundings using dc biasing 
because of temperature diffusion. However, these sites of local thermal 
generation are readily observed using pulse techniques. The sample is 
biased with a pulse that is much shorter than the appropriate thermal 
diffusion relaxation time. The time development of the heating is 
determined by photographing the sample illuminated with an extremely 
short laser flash during the bias pulse. In addition to being useful for 
investigating junction uniformity, this pulse technique is also quite 
valuable in studying the time and spatial development of a second 
breakdown filament. We expect it to be useful for evaluating the 
ability of protection diodes to withstand excursions into second 
breakdown. 

Pulse Bias Waveforms 

The bias waveforms for a typical pulse experiment are illustrated 
schematically in Fig. 8. A reverse -bias constant -current pulse is ap- 
plied to the device, and the resulting voltage is monitored. Three 
regions are evident in the voltage characteristic. First of all, from 
the application of the pulse at t = 0 until the delay time To, the voltage 
increases with time. This delay time is a strong function of the 
applied current for any diode structure. Next, from t = To until 
t = TD + TF, where Tr is the formation time, the voltage decreases as 
the current constriction and negative resistance form. Finally, from 
t = TD + TF until the end of the current pulse, the voltage remains 
nearly saturated at its sustaining level. Each of these three time 
domains corresponds to a different physical situation, and each can 
provide useful information about the device structure. For this dis- 
cussion we will consider only the first two time regions. 

Avalanche Generation Region 

During the time between initiation of the pulse and the delay time, 
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THERMALLY 
GENERATED 
CURRENT 

Fig. 8-Bias waveforms for typica pulse experiment. 

t 

the current is generated more or less uniformly in the junction by 

the avalanche process. Since both the current density and the electric 
field are extremely high at avalanche generation sites, heating builds 
up much more rapidly at these sites than in the surrounding regions. 
If the bias is high enough, the delay time is less than the time required 
for any significant thermal diffusion to take place, and the local 

temperature buildup remains confined to the regions of avalanche 
generation. By stroboscopically illuminating the diode with trans- 
mitted light, the local heating can be observed as an apparent darken- 
ing of the sample. Thus, examining the diode in this fashion provides 
much the same information as the dc avalanche -emission measurements. 
Examples are shown in Figs. 9 and 10. In Fig. 9 the delay time is 

about 30 microseconds, and in Fig. 10 it is about 40 microseconds. 
Notice that the avalanche is substantially more uniform in the diode 

shown in Fig. 10 than in that shown in Fig. 9. 

Constriction Formation Region 

At time TD, the current generation switches in typically less than 100 

nanoseconds from an avalanche mechanism to a thermal mechanism. 
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Fig. 9-Stroboscopic photographs and bias waveform of medium -length 
diode undergoing reverse -bias thermal switching at a junction 
temperature greater than the intrinsic temperature. 
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Fig. 10-Stroboscopic photographs and bias waveform of a medium -length 
diode undergoing reverse -bias thermal switching at a junction 
temperature less than the intrinsic temperature. 
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The thermal generation process is intrinsically unstable, and current 
constrictions develop. Therefore, for times greater than ro, the cur- 
rent is generated thermally in a narrow region of the junction. 

The time and spatial development of the constriction also provides 
information about the perfection of the diode structure. Typical be- 
havior is shown in Fig. 9. First of all, note that the filament forms at 
a weak spot in the junction, where intense heating occurs even prior 
to second breakdown. In many wafers, the constriction forms at the 
edge of the sample, and the sample burns out prematurely. This 
defect, when discovered, can be corrected by properly modifying the 
processing. Next note that the constriction elongates into the ohmic 
region of the sample until it reaches the N+ contact. This elongation 
process continues only as long as the power density at the top of the 
constriction is sufficient to heat the material above its intrinsic tern- 
peratuie.s As soon as the power density at the constriction is in- 
sufficient for the material to reach its intrinsic temperature, the current 
spreads to uniform ohmic conduction. The velocity of the propagating 
high -temperature edge of the constriction is determined by how rapidly 
the material in the path of the constriction can be turned intrinsic. 
Nonuniformities in this material are detected by observing the con- 
striction front speeding up or slowing down as it traverses ohmic 
region. 

In addition, a rough comparison between the constriction tempera- 
ture and the intrinsic temperature of the series material can be made 
by observing how much and how fast the filament elongates. Figs. 9 
and 10 show two extremes. In Fig. 9 the constriction temperature is 
much higher than the intrinsic temperature, and the current remains 
tightly constricted as it elongates into the ohmic region. For the diode 
in Fig. 10, on the other hand, the constriction temperature is less than 
or comparable to the intrinsic temperature, and no elongation of the 
constriction into the ohmic region can occur. In this case, the low 
constriction temperature most likely results from a uniform but high 
density of defects at the silicon -sapphire interface. Thus, the way that 
the constriction develops provides additional information about thermal 
generation centers in the junction. 

Homogeneity of Parent Semiconductor Material 

Finally we point out that the uniformity of the parent semiconducting 
film can be investigated using the pulsed -light absorption technique. In 
this case, ohmic contacts are supplied to a strip of material usually 
about 3 mils wide and 6 mils long. A high current pulse is passed 
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through the sample, and the uniformity of the darkening is observed. 
It is very often found that the heating is not completely uniform across 
the resistive structure, indicating that the conductivity of the parent 
silicon is not uniform. 

Conclusions 

A variety of optical techniques for investigating the perfection of 
silicon devices on insulating substrates has been discussed. These 
techniques provide a means to quickly and nondestructively investigate 
microscopic imperfections in device structures with optical resolution. 
Imperfections that can be investigated include nonuniformities in the 
junction, diffusion spikes, sites of localized breakdown (especially at the 
edges of the sample), nonuniformities in the diffusion profile, inhomo- 
geneities in the parent silicon film, and regions of high thermal genera- 
tion. In general, these defects are insensitive to detection by electrical 
means. The optical techniques should be very valuable in evaluating 
processing procedures for silicon -on -insulator devices, and in the devel- 
opment of protection diodes for SOS memory circuits. 
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Symmetrical Trough Waveguide Nonresonant 
Ferrite Isolatórs' and Steerable Antenna 

C. P. Wen, RCA Laboratories, Princeton, N. J. 

Abstract-A Novel symmetrical trough waveguide narrow -band isolator whose 

operation is based on mode coupling and wave -interference principles 
has been demonstrated at X -band frequencies. A substantial reduction 
in the bias magnetic field requirement compared to that of conven- 

tional ferrimagnetic resonant isolator has been achieved. The field - 

reduction techniques have important potential applications at mm -wave 

frequencies where the bias field requirement for ferrite resonant Iso- 

lators is beyond the capability of normal permanent magnets. The con- 

figuration of an electronically steerable trough waveguide antenna is 

also proposed. 

Introduction 

Symmetrical trough waveguides' were found to be practical transmis- 
sion -lines over a decade ago. The operation of symmetrical trough 
waveguide nonreciprocal ferrite devices was recently demonstrated, and 
the unconventional open-waveguide;system was suggested for mm -wave 

hybrid integrated circuits. It has long been recognized that any 
asymmetry introduced- in a trough waveguide will cause power conver- 
sion from the dominant symmetrical mode to high -order asymmetrical 
modes, which will in' turn radiate through the open side into space. 

This paper describes a novel symmetrical trough waveguide 
narrow -band isolator whose operation is based on mode coupling and 
wave -interference principles. Partial trade-off between the operating 
frequency bandwidth .and the isolation characteristics is shown to be 

feasible. Nearly complete isolation conditions can be achieved with 
relatively weak coupling between modes at certain discrete frequencies 
of circuit resonance. The interference effect observed is found to be 

analogous to that of optical interferometers. The reduction in do ap- 
plied mágrietic field in this type of isolator, compared to the require- 
ment Imposed by ferrimagnetic resonance in conventional isolators, 
becomes a distinct advantage in high -frequency microwave devices. In 
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addition, the feasibility of using a symmetrical trough waveguide as a 
radiating element is demonstrated. An electronically-steerable sym- 
metrical trough waveguide antenna for mm -wave radars is proposed. 

15 

MICROWAVE ABSORBING 
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9 10 II 12 
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Fig. 1-A symmetrical trough waveguide nonresonant isolator and its 
performance with the odd mode terminated. 

Experiments 

A basic symmetrical trough waveguide isolator (antenna) is shown in 
Fig. 1, together with curves of its performance. A slab of gyromagnetic 
material (Trans Tech G-113 YIG, 0.191 x 0.382 x 10.16 cm) and a 
matching slab of low -loss dielectric (STYCAST K-15) of the same 
dimensions are placed in the opposite troughs of a symmetrical trough 
waveguide 0.127 cm from the bottom. (The center ridge is 1.143 cm 
high, 0.127 cm wide, the slots are 0.254 cm wide and the side walls are 
1.60 cm high.) The trough waveguide section is terminated at both 
ends with OSM coaxial connectors. Symmetry of the system is 
destroyed by the application of a magnetic field Ho, which causes a 
differential phase retardation of signals propagating in the ferrite - 
loaded and dielectric -loaded troughs in the isolation direction. The 
signals traNeling in the forward direction do not experience the differ- 
ential phase retardation because of the nonreciprocal characteristics of 
the ferrite slab. When the side walls of the trough waveguide are 
extended upward and the opening is terminated with a good microwave 
absorber (space cloth), the application of a bias field of 2556 Oe results 
in approximately 5.5 dB isolation and less than 2 dB forward attenua- 
tion between 8.0 and 11.2 GHz. This magnetic field is small compared 
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FERRITE ISOLATORS 

to the 5140 Oe required for ferrimagnetic resonance at 10.32 GHz in 
this system. 

When the extension of the side walls and the microwave absorber 
are removed, the forward attenuation characteristic of the isolator 
remains practically unchanged (Fig. 2). With an applied field of 
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FREQUENCY, Gilt 

Fig. 2-Performance of a symmetrical trough waveguide isolator with open 
top at different magnetic -bias conditions. 

2556 Oe, isolation is found to increase by 15 dB or more at discrete 
frequencies over that shown in the previous figure. The periodic struc- 
ture persists in all three isolation -versus -frequency curves for applied 
fields of 2000, 2556, and 2950 Oe. The frequency intervals between 
the absorption peaks are observed to decrease with increasing magnetic 
field bias, while the absorption peaks are at a maximum at the inter- 
mediate bias field of 2556 Oe. Coupling between the even mode and the 
odd mode is found to increase with the applied magnetic field H0. These 
results suggest the existence of strong circuit resonances, or wave - 
interference effects, in the waveguide system when the radiating odd 
mode is not terminated. 

The dependence of the wave -interference effects on the nature of 
the discontinuity experienced by the odd mode can be further examined 
by changing the boundary conditions at the open side of the waveguide. 
A metallic cover plate with a 0.127 -cm -wide slit cut lengthwise is 

employed. The performance of the symmetrical trough waveguide 
isolator with the cover plate is shown in Fig. 3 as a function of fre- 
quency. Besides the three nearly equally spaced absorption peaks, two 
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other isolation maxima are observed at 8.48 and 10.55 GHz. The ap- 
pearance of the additional peaks on the isolation -versus -frequency curve 
suggests that two different types of interference effects are responsible 
for these absorption maxima. 
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No. 2556 Oer 
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H=I.6cm 

ISOLATION 

FORWARD 
ATTENUATION 

II 12 

Fig. 3-Performance of a symmetrical trough waveguide isolator covered 
by a metal plate with a 0.127 -cm slit. 

Nature of Radiating Odd Mode 

Before any attempt is made to identify the interference effects 
responsible for the absorption peaks, the nature of the radiating odd 
mode in the unbalanced symmetrical trough waveguide section loaded 
with ferrite and dielectric slabs has to be clarified., The field configura- 
tion of the odd mode in the dielectric loaded trough waveguide4 is 
similar to one half of the TE,0 mode in a dielectric -loaded parallel -plane 
waveguide. The electric field rises from the bottom of the troughs to 
a maximum and then decays exponentially toward the opened top, as 
shown in Fig. 4. The rf signal propagating in the odd mode leaks out 
gradually from the top, because of the evanescent nature of field con- 
figuration and the finite height of, the side walls. 

Information about the propagation characterjstics of the odd mode 
may be obtained by measuring the far -field radiation pattern of the 
waveguide section using a standard horn. The direction of radiation 
shown in the sketch included with Table 1 is evaluated by drawing a 
line passing through the centroid of the lobes and the midpoint of the 
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H=4tm 

, E -FIELD 

(o) ODD MODE IN A DIELECTRIC 
LOADED TROUGH WAVEGUIDE 

(b) EQUIVALENT LEAKY 
WAVEGUIDE 

Fig. 4-Field configuration of the odd mode in a dielectric -loaded trough 
waveguide and the equivalent leaky waveguide. , 

trough waveguide section. The angle O between the normal of the 
trough waveguide antenna and the radiating direction is given in Table 
1, along with the calculated values. The calculations were carried out 
based on the formulas O = cos -1 (fc/f) where fr= 6.06 GHz is the cut- 
off frequency determined using the angle O measured at 8.57 GHz. The 
good agreement shown in Table 1 indicates that a symmetrical trough 
waveguide may be converted into an antenna if the even -mode sym- 
metry is destroyed. 

The propagation characteristics of the odd mode can be closely 
approximated by the simple relationship governing the behavior of an 

Table 1-Radiation Direction of a Symmetrical Trough Waveguide Antenna 

Frequency, GHz 8.57 9.45 10.32 11.16 
Angle, Degrees (Measured) 

f. 
45° 51° 54° 57° 

Angle O = cos -1- 
f 

45° 50.1° 54.1° 57.1° 

.t.= 6.06 GHz, Evaluated at 8.57 GHz 

DIRECTION OF 
RADIATION 

P 

TROUGH WAVEGUIDE 
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equivalent leaky waveguide antenna.' In the analysis carried out in 
subsequent paragraphs, the open -top dielectric -loaded trough waveguide 
shown in Fig. 4a is replaced* with an equivalent leaky waveguide (Fig. 
4b) whose width is equal to the height of the side walls of the trough 
waveguide. The effective dielectric constant Eery of the medium filling 
this equivalent waveguide is adjusted to be 2.39, corresponding to the 
6.06 GHz measured cutoff frequency of the odd mode in the trough 
waveguide. 

Interference Effects 

Two types of interference effects are considered. The first type is 
analogous to that of the optical Lummer Gercke plate. Whenever the 
signal from the odd mode undergoes a multiple of 2 a phase shift as 
it impinges on the top plane, as shown in Fig. 5, constructive inter - 
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EVEN BOTTOM 
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Fig. 5-Side view of a symmetrical trough waveguide showing the propa- 
gation of the even and the odd modes. 

ference results, and there will be a maximum transfer of power from 
the dominating even mode through the radiating odd mode into free 
space. Nearly complete transfer of power is possible if the coupling 
between the even and odd modes is identical to the coupling between 
the odd mode and free space. This type of interference effect occurs 
when 

Hprr nto 

cos B 2 
[1] 

The replacement is justified because of the similarity in the field 
configurations in both waveguides and the excellent agreement between the 
measured far -field radiation pattern of the trough waveguide and the 
predictions based on the leaky waveguide antenna theory. 
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where n is an integer and Heft is the effective width of the equivalent 
leaky waveguide 

Heft ='heftr/2 = ac/2. 

Since cos 9 = fc/f, 

f.'= nfe1 [3] 

[2] 

where f is the frequency corresponding to the integer n in Eq. [1]. 
Based on the value of f,. evaluated using the radiation pattern measure- 
ments, maximum absorption is predicted to take place at f = 6.06 GHz, 
8.56 GHz and 10.52 GHz, corresponding to n = 1, 2, 3 respectively. The 
predictions seem to fit the absorption peaks observed at 8.48 GHz and 
10.55 GHz in Fig. 3 where the top of the trough waveguide is covered 
with a plate with a lengthwise slit. That these two peaks are missing 
in Fig. 2, where the odd mode couples strongly to free space, strength- 
ens the notion that they are similar in origin to the optical Lummer 
Gercke plate (which arises from a circuit discontinuity in the trans- 
verse direction alone and requires relatively small loss per pass). The 
origin of the other absorption peaks at 8.90 GHz, 9.77 GHz and 10.72 
GHz in Fig. 3 are not predicted by these calculations. 

The phase velocity of the odd mode may be perturbed by increasing 
the height of the side walls of the trough-waveguide section. In Fig. 6, 
the performance of the isolator at 2556 Oe bias field is shown as a func- 
tion of frequency, with the height of the side walls as a parameter. 
The frequency intervals between absorption peaks are found to remain 
relatively independent of the given bias condition, but they tend to 
increase with the height of the side walls. An attempt was made to 
relate these and the other absorption peaks in Fig. 3 with circuit 
resonances of the odd mode introduced by the longitudinal discon- 
tinuity of the trough waveguide section, the second type of interfer- 
ence effect considered here. Assuming that the guided wagelength of 
the asymmetrical mode at a frequency f is A , resonance occurs at 

Leff m 

a 2 
[4] 

where Lett is the effective length of the trough waveguide section be- 
tween the two OSM connectors and m is an integer. The resonance 
frequency f,,, is simply 
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f 2 = [5] 

Table 2 shows a number of expected resonant frequencies f, and the 
cutoff frequency fc for the odd mode with the side wall of the sym- 
metrical trough waveguide as a parameter. The frequencies cor- 
responding to the absorption peaks in Fig. 3 and Fig. 6 are also in- 
cluded for comparison purposes. The cutoff frequency of the open -top 
trough waveguide with H = 1.6 cm is taken to be 6.06 GIIz based on 
the results from the radiation pattern measurements. The effective 
length Left and the resonant frequencies are determined using the best 
fit of experimental data points (designated with an asterisk in Table 2). 
Thé cutoff frequency for the case with the cover plate is obtained 
from Eq. [5], assuming the effective length is unchanged with the 
introduction of the cover. The cutoff frequencies corresponding to the 
waveguide with extended side walls are calculated assuming that the 
effective dielectric constant eery of the medium filling the' equivalent 
leaky waveguide remains 2.39 with the small addition in the width of 
the waveguide. The effective lengths of the resonators are found to be 
slightly longer than the actual length, because the signals propagating 
in the forward direction do not suffer the additional negative phase 
retardation caused by the negative effective permeability of the ferrite 
below the ferrimagnetic resonance.' The resonant frequencies pre- 
dicted using Eq. [5] show remarkably good agreement with the fre- 
quencies corresponding to the absorption peaks. 

Conclusions 

It is concluded that the absorption peaks observed in the isolation 
direction of a symmetrical trough waveguide nonresonant isolator are 
caused by circuit resonances of the radiating asymmetrical mode. The 
first type of interference is caused by the discontinuity in the trans- 
verse dimension alone, similar to the phenomenon observed in an 
optical Lummer Gercke interferometer. The second type of interference 
is a result of discontinuity in both the length and the height of the 
trough waveguide. 

From the practical standpoint, a trade-off between the operating 
frequency bandwidth and the isolation characteristics in a symmetrical 
trough waveguide nonresonant isolator has been demonstrated experi- 
mentally. The reduction in the bias magnetic field requirement com- 
pared to that of conventional ferrimagnetic resonant isolator becomes 
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Fig. 6 -Performance of a symmetrical trough waveguide isolator with open 
top (the height of the side walls is a parameter). 

a distinct advantage for this novel device configuration. In addition, 
if many of these electronically controlled radiating elements are con- 
nected alternately in series with sections of ferrimagnetic differential 
phase shifters, the radiation pattern may be altered by selectively vary - 

Table 2 -Theoretical and Experimental Expected Resonant Frequencies 
Corresponding to the Absorption Peaks 

H(cm) 
f,(GHz) 

1.6 
6.06 

1.6 
6.77 

1.981 
4.90 

2.362 
4.11 

Open Top Cover Plate Open Top Open Top 
(0.127cm Slit) 

nn fm fml fm f,,,i fm fml fm f,,,l 
(GHz) (GHz) (GHz) (GHz) (GHz) (GHz) (GHz) (GHz) 

5 8.53 8.52 8.93 8.90 
6 9.41 9.43 9.77 9.77* 9.00 9.00 8.83 8.90 
7 10.33 10.33" 10.72 10.70 10.07 10.07* 10.0 10.0" 
8 11.32 11.17 11.19 11.10 11.20 11.15 

Lett 12.6 cm 12.6 cm 11.91 cm 11.5 cm 

Length of section = 10.16 cm 

f,,,i Frequency corresponding to measured absorption peaks 
f. Calculated resonance 

Datum point employed for the computation of fm 
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ing the phase shift between the radiating elements. This would result 
in an electronically steerable antenna. 
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RF Sputtered Transparent Conductors 
The System In,O,- SnOQ 

John L. Vossen, RCA Laboratories, Princeton, N.J. 

Abstract-An rf sputtering technique for the deposition of tin -doped indium 
oxide transparent conductors has been developed. The technique 
employs the creation of anion vacancies in the films in addition to 
donor doping by tin oxide. Films as deposited exhibit transmission in 
the visible, averaging 90% or higher for sheet resistivities greater than 
15 ohms/square. Upon annealing at 550°C in air for two hours, the 
resistivity increases by a factor of 2-7, depending upon the initial re- 
sistivity, but the average transmission remains unchanged. The resis- 
tivity change is a result of surface oxidation that eliminates some of 
the anion vacancies created during deposition. The films are fine 
grained, smooth polycrystals. Dopants other than Sn yield higher re- 
sistivity and lower optical transmission. 

Introduction 

Previously, rf sputtered transparent conductors in the system Sn02 
Sb203 were reported' to yield transmission greater than 80% in the 
visible range of wavelengths for films having sheet resistivities greater 
than 500 ohms per square. Conductivity was induced in the films by 
donor doping rather than by creating anion vacancies, because the 
latter was found to be less controllable. 

For certain applications, the conductivity that can be achieved for 
a given transmission was found to be inadequate. Accordingly, a 
search was made to find a material system that provides greater con- 
ductivity than the SnO_-Sb.,03 system for equivalent transmission in 
the visible. Based on a variety of considerations, the material system 
selected for this investigation was In.,03-Sn02. 

Pure In205 films prepared by reactive do sputtering- from an indium 
target yielded transmission of only 75% at a sheet resistivity of 
1500 ohms/square. Sinclair, et al' used In00., as an acceptor dopant 
in SnO_ films and found the resistivity to be higher than for pure 
SnO.,. Howes er, their investigation included only small In003 additions 
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(up to 7 mole %) . This paper covers the compositional range 401.0'50 
mole % SnO2 in In2O3. In the present case, SnO2 is a donor- impurity 
in the In2O3. 

The oxidation is self-limiting' in thickness at any given tem- 
perature. This effect suggests that anion vacancies can be created and 
maintained stably with this material, i.e., subsequent oxidation pro- 
cesses should tend to form a passivation layer on the top surface of the 
film, limiting further oxidation at lower temperatures. 

Experimental Techniques 

Sputtering targets were prepared by dry mixing reagent grade In903 
and SnO2 powders, pressing the powder into shallow nickel dishes that 
were pre -coated with a thick film of rhodium, which acts as a reaction 
bárrier. The powders were then lightly sintered in air at 900°C for 
one, hour. This, method of target preparation has ,proven very useful 
when a wide range of compositions are to be investigated. It should 
be noted, however, that targets prepared in this fashion are extremely 
porous and require careful outgassing'before each sputtering run to 
ensure that stable conditions prevail. These and other precautions to 
be observed with these targets have been described.' 

The sputtering equipment has been described previously." In opera- 
tion, shields are placed close to the target to prevent sputtering any 
exposed rhodium or nickel from the dish. 

To determine the optimum target composition, films mere deposited 
to a thickness of 1200 A in pure,oxygen. These runs yielded films with 
a minimum of anion vacancies and are taken to be the stable condition 
of the material. All films were deposited under the following sputtering 
conditions: , 

Oxygen Pressure: 40 .millitorr 
Peak -to -Peak rf Voltage : 4300 'volts 
Average Sheath Potential:, -800 volts 
Magnetic Flux Density : 25 gauss 
Target -Substrate Separation: 2.7 cm 

Under these conditions, the deposition rate was 40 ± 2 It/min. Fig. 1 
shows the variation of sheet resistivity as a function of target com- 
position for these films. At the minimum in the resistivity curve 
(20 mole % SnO2), the sheet resistivity of 3,000 ohms/square is 
higher than an equivalently thick 90 SnO.-10 Sb003 by a factor of two.' 
From the data in Fig. 1, 'the composition selected for further' study 
was 80 mole ,% In2O3-20 mole % SnO2. All data following' are for 
that composition. 

290 RCA Review Vol: 32 June 1971 



TRANSPARENT CONDUCTORS 

To produce anion vacancies in the films, pure argon was used as 
the sputtering gas. It is known that both In203 and Sn02 are 
chemically reduced partially when sputtered in argon." Unless other- 
wise indicated, all sputtering runs in argon were conducted under the 
following conditions: 

Argon Pressure : 30 millitorr 
Peak -to -Peak rf Voltage: 4300 volts 
Average Sheath Potential: -850 volts 
Magnetic Flux Density : 25 gauss 
Target -Substrate Separation: 2.7 cm 

The deposition rate was 150 ± 5 A/min. These conditions were used 
for'convenience only. It was found possible to deposit this material at 
rates up to about 700-750 A/min without recrystallization or excessive 
grain growth. 
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Fig. 1-Sheet resistivity versus target composition for 1000 -A -thick films 
deposited in pure oxygen. 

Results and Discussion 

Resistivity and Transmission 

Fig. 2'illustrates the variation in transmission with wavelength and 
sheet resistivity of films as deposited. Figs. 3 and 4 show the effect 
on resistivity and transmission of annealing the films at 550°C for 
two hours in air. In all cases, the effect on transmission is to shift 
the peaks in Fig. 2 to lower wavelengths, but the average transmission 
over the visible range of wavelengths remains essentially unchanged. 
The cuives'are essentially interference patterns, and the wavelength 
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Fig. 2-Transmission versus wavelength for In,O,-SnO., films deposited in 
argon to different thicknesses. 
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Fig. 3-Sheet resistivity versus film thickness for as -deposited and annealed 
In,O3-SRO2 films. 
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Fig. 4-Transmission versus wavelength for as -deposited and annealed 
In-03-Sn02 films. 
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Fig. 5-Sheet resistivity after annealing versus sheet resistivity before 
annealing for In2O3-SnO2. 

shift implies a change in refractive index. For convenience, the an- 
nealed resistivity is plotted as a function of resistivity before anneal- 
ing in Fig. 5. 

For thickness greater than 2,000 A, the bulk resistivity is constant 
(625 ± 5 µohm -cm as deposited; 4,600 ± 100 µohm -cm after annealing). 
SnO2-Sb003 films of comparable thickness exhibit resistivities 3 to 4 

times higher than these values. Thinner films exhibit much higher 
bulk resistivities (Fig. 6). The thickness at which this departure 
from constant resistivity occurs is far greater than that for metal films. 
It should be noted that annealing these films does not cause their 
resistivity to increase to the values for films deposited in pure oxygen. 
This tends to support the \iew that a passivating surface oxide is 
grown on the film surface. 
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Fig. 6-Bulk resistivity versus film thickness for In_,O,-SnO, as deposited 
and after annealing at 550°C for 2 hours. 
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Surface Morphology 

The surface of the films produced by this technique are smooth when 
viewed in the scanning electron microscope (Fig. 7). There is no 
change in surface morphology after annealing at 550°C for two 
hours in air. 

L. 

: 

r , t 

r¿4 !. \ 

1,4 M . 

Fig. 7-Scanning electron micrographs of In.Oz-SnO_ (tom 4000 A). 

Crystal Structure 

Electron diffraction analysis of films as deposited and after annealing 
reveal that the films are 'polycrystalline with á considerable amount 
of (100) preferred orientation (Fig. 8). The structure is cubic 
with a lattice parameter a° = 10.31 A as compared to bulk In003 (a° 
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TRANSPARENT CONDUCTORS 

=10.118) 6 No SnO2 phases were detected, implying that the. dopant 

replaces indium substitutionally in the In203 structure. 

No difference between the annealed and as -deposited films was de- 

tected by electron diffraction. 

Fig. 8-Reflection electron -diffraction pattern of In203-Sn0. film. . 

Other Dopants in In203 

Several other dopants were tried in In003. None was found as 

effective as Sn02. Table 1 lists these dopants and the results obtained. 
Annealing these films agaih produced increases in resistivity with 
little or no change in transmission. 

Table 1-Characteristics of Donor -Doped, Anion -Deficient In203 Films (Film 
Thickness = 2500 A) 

Dopant 
Concentration 

(Mole %) 
Resistivity 
(ohm -cm) 

Average Transmission 
(%) 

SriO2 20 6.25 X 10-4 93 
Sb203 10 2 X 10-2 88 
Sb203 20 1.7 X 10-2 85 
Bi_03 10 2 X 10-1 5 

Pb0, 20 4.5 23 
TiO2 20 7.5 X 10-1 96 

Conclusions 

Transparent conductors in the material system In203-Sn02 exhibit 
minimum resistivity for equivalent transmission at a composition con- 

sisting of 80 mole % In203-20 mole % Sn02. When rf sputtered in 

pure argon to produce anion vacancies, the films exhibit greater than 
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80% transmission in the visible for film resistivities greater than 15 
ohms/square. Upon annealing the films in air at 550°C for two hours, 
the resistivity increases by a factor of 2 to 7 depending upon the 
initial resistivity; but the average transmission in the visible remains 
unchanged. The resistivity change is probably a result of surface 
oxidation that eliminates anion vacancies. Further annealing at or 
below 550°C produces no change in resistivity, leading to the conclusion 
that the oxide grown is self-passivating. The films are fine grained 
polycrystals and are smooth in texture. 
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Contrast Thresholds of Image -Intensifier -Aided Eye 
at Low Field -Luminance Levels 

Illes P. Csorba, RCA Electronic Components, Lancaster, Pa. 

Abstract-The contrast sensitivity of image -intensifier systems as a function of 

field luminance and spatial frequency is calculated. Limitations of 

resolution related to glass optics and the eye response are also con- 

sidered. 

Introduction 

The ability of the human eye to see fine details of an object at low 

field -luminance levels may be improved by the use of an image - 

intensifier system such as shown in Fig. 1. In Fig. 1 the objective lens 

focuses a sharp image of the scene on the photocathode of the image - 

intensifier tube. The eye observes the intensified image through an 

ocular. Improved visibility is obtained because the light -gathering 
power of the objective lens is greater than that of the unaided eye 

and because the quantum efficiency of the photocathode is greater than 

C\SCENE 

\rte 

PHOTOCATHODE 

IMAGE OF SCENE 

OBJECTIVE 
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1 

Fig. 1-Image-intensifier system. 
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that of the éyye. Fundamental limitations of' visibility- óccuring._with 
the use of image intensifier are the statistical variation of photo- 
cathode curt ent, the contrast transfer of the image intensifier, and the 
contrast sensitivity of the eye in the useful spatial -frequency domain. 

Effect of Photocathode Current Fluctuation on Resolution 

At very low photocathode illumination levels, the statistical variation 
of the photoelectron current limits the resolution R to the following 
value in line -pairs per millimeter :1 

R= 
2.79 x 108 \%zC 

K \l1+C 
[1] 

where C is the contrast of a line pattern at the photocathode defined by 

E'-E' w G 

, C= 
Ew' + Eti 

[2] 

In Eqs. [1] and [2], Eb' 'and E are the photocathode illumination 
(in lumens per square centimeter) of the' black and white' lines, 
respéctively, S is the photocathode sensitivity (amperes per lumen), 
t is the storage time (seconds) and K is the signal-to-noise ratio having 
a value of about 3.1 for a line length -to -width ratio of 5:1. 

Usually the photocathode resolution is observed at the output screen 
of the image -intensifier tube. At the output screen the input contrast 
is modified by the contrast transfer of the image tube. In this case, 
therefore, the output image contrast must be used for the value of C 
in Eq. [1]. 

When a square -wave grating is viewed through an image intensifier, 
the field resolution as a function of field luminance and field contrast 
may be obtained by multiplication of Eq. [1] with the magnification 
of the objective lens (f D-1), by replacement of the cathode contrast C 
with the product of the field contrast Cf and the contrast -transfer func- 
tion of the image intensifier C{ (see Appendix), and by replacement of 
the photocathode illumination E,o by the field luminance E = F,,o r-2 f2. 
The field resolution Rf in line -pairs per meter then becomes 

2.79 x 1011 r \/2CfCi 
Rf = VESt 

K D V1+ C1Ci 
[3] 
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CONTRAST THRESHOLDS 

In Eq: {3], D is the' object distance and E is the` field luminance in 

lamberts. 
Figs. 2(a) through (d) show the field resolution as a function of 

field contrast for four different objective lenses and a 100 -meter object 
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distance. The solid lines represent the contrast thresholds for a C, of 
unity (constant -contrast transfer in the useful spatial -frequency do- 
main). The broken lines represent the contrast thresholds of image - 
intensifier systems having a Gaussian contrast -transfer function C{ 
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given by 

Rf 2, 
C; = exp ¡ -3.5 ( 

R,M , 

where M is the magnification of the objective lens and R1 is the limit- 

ing resolution of the image tube having a value of 25 line -pairs per 

millimeter. The broken lines were plotted by dividing the contrast 

values read at the solid line by the corresponding C1(R1) values. For 

an object distance D other than 100 meters, the field -resolution values 

may be obtained by multiplying the abscissa by a factor of 100D -1 - 

As may be concluded from Eq. [3], the resolution of an ideal image 

intensifier (C1 equal to unity) is independent of the focal length of the 

objective lens. However, the resolution of a practical image intensifier 

having a gradually descending contrast transfer function depends on 

the focal length, as indicated by Figs. 2(a) through (d). 

The focal length also sets the magnification of the objective lens 

and consequently the field of view. Fig. 3 shows the relationship of the 

diameter of the photocathode of the image tube, the focal length of 

the objective lens, and the field of view. The field of view, together 
with the field resolution, determines the total amount of image detail 

transmitted through an image intensifier. 

100 

90 

80 

70 

0 

50 

40 

30 

20 

10 

E 

-}ry 
_ 

--- 

---T-. 
o 

, 
- -- I - - -- - 

I 

III/ fi' . D -D100 m 

10 20 30 40 50 60 70 

FIELD OF VIEW (vi -m 

Fig. 3-Relationships of diameter of image -tube photocathode, focal length 
of objective lens, and field of view. 

RCA Review Vol. 32 June 1971 301 



The Ocular and Eye Response 

The function of the ocular is to magnify the intensified image so that 
the contrast loss caused by the eye response is minimized. Fig. 4 
shows the response of the eye to square -wave, gratings with a line 
length -to -width ratio of 10:1. The response curve was obtained by 
measuring the contrast thresholds of the eye as a function of spatial 
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frequency. The eye response r was obtained from the threshold con- 
trast values C1 by the relationship (see Appendix) : 

r = 0.006 CI -1,- [4] 

where 0.006 is the liminal contrast that an .average observer can 
detect. By use of a lox ocular the contrast loss resulting from the eye 
response is at a moderate level up to 20 line -pairs per millimeter at the 
output screen. It appears that a further increase of magnification may 
completely eliminate the contrast loss caused by the eye at high spatial 
frequencies. However, in addition to the eye response, the field of view 
of the ocular must be considered. Fig. 5 shows the magnification M 
of a number of oculars as a function of viewing -screen diameter d' 
and angular field of 1. iew B. The human eye, with motion of the eyé 
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ball, can accept an angular field of view, of about 60° to 70°. Therefore, 
if the requirements were to view a 40 -millimeter output screen; the 
ocular magnification, as shown in Fig. 5, would have to be in.the range 
of 7.2 to 8.7. 
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Fig. 5-Magnification of a number of oculars as a- function of viewing- 
, screen diameter and angular field of view. . 

Conclusion 

Figs. 2(a) through (d) show that at field -luminance values lower than 
10-7 lambert, and at low contrast values where visibility is most 
difficult, there is little difference between the performance of an ideal 

image intensifier having a constant contrast transfer in the useful 
spatial -frequency domain and a practical image intensifier. However, 
at. higher field-lumance values, the contrast loss introduced by the 
contrast -transfer function of a practical image intensifier is appreci- 
able. It is also important to recall that the contrast thresholds were 
obtained for a square -wave grating with a line length -to -width ratio 
of 5:1. It is easier to resolve longer lines. Experiments indicate that 
within the field of distinct vision of the motionless eye, the resolution 
is proportional to the square root of the length of the line.' 

The' improvement of visibility with the image intensifier over the 
unaided eye may be estimated to some degree by comparison of contrast 

RCA Review Vol. 32 June 1971 '303 



thresholds of Fig. 2 with the published contrast thresholds of the 
unaided eye.' At a field luminance of 10-7 lambert, and a contrast of 
0.3, the resolution of the unaided eye is about 40 minutes of arc, or 
0.86 line -pair per meter, at an object distance of 100 meters. Fig. 2(d) 
shows, however, that the image -intensifier -aided eye can resolve 35 
line -pairs per meter, a 40.7 -fold increase over the unaided eye. In 
addition, when it is considered that no dark adaptation is needed with 
the image intensifier, the improvement of visibility is even greater. 

Appendix-Image Contrast of Square -Wave Gratings 

In a 100% contrast square -wave grating, the light passes through the 
white lines without significant attenuation; no light passes through the 
black lines. When this pattern is imaged by an optical system, such 
as glass optics or an image intensifier, the image contrast or contrast 
transfer Ci is given by 

Bb 

Ci = 
Bu,+Bb 

[5] 

where Be, and Bb are the luminance of the image of white and black 
Iines, respectively. 

The sum of B,,. plus Bb, the denominator of Eq. [5], is essentially 
constant for all spatial frequencies because the contrast loss is caused 
by the light spread from the white lines into the black lines. If B, 
and Bb are expressed as a fraction of the luminance of the white line 
at zero spatial frequency and the luminance of the white line at zero 
spatial frequency is unity, the following equation holds for all spatial 
frequencies : 

Bb=1,orBb=1-Bw. [6] 

In the image of a less than 100 -percent contrast pattern light diffuses 
from both the white lines and the black lines into adjacent lines. 
If the fraction of light transmission of a black line is denoted by x, 
Eq. [6] can be modified to give the partial luminance of the image of 
a white line resulting from light diffusion from a black line as 
x(1 - B,,) = xBb. The partial luminance of the image of the white 
line is B,,. The total luminance of the image of a white line is the sum 
of the partial luminance, namely 8,,± xBb. Similarly, the luminance 
of the image of the black line is B,, + xB,. The image contrast C then 
becomes: 
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B,,,+xB- (Bp+xBu) B,-Bp 1- X 

C = _ = C,Cf [7] 
B+xB+Bp+xB,o B.+ Bp 1+x 

where Cf is the contrast of the square -wave gratings (field contrast). 

References: 

I. P. Csorba, "Resolution Limitations of Electromagnetically Focused Image -Intensifier 
Tubes," RCA Review, Vol. 30, No. 1, p. 36, 1969. 
2 H. R. Blackwell, "Contrast Thresholds of the Human Eye," J. Optical Soc. America, Vol. 
36, No. 11, Nov. 1946. 
J Albert Rose, "The Sensitivity Performance of the Human Eye on an Absolute Scale," 
J. Optical Soc. America, Vol. 38, No. 2, Feb. 1948. 

O. H. Schade, Sr., "Optical and Photoelectric Analog of the Eye," J. Optical Soc. 
America, Vol. 46, No. 9, Sept. 1956. 
5 H. A. W. Schober and R. Hilz, "Contrast Sensitivity of the Human Eye for Square -Wave 
Gratings," J. Optical Soc. America, Vol. 55, No. 9, Sept. 1965. 

6 G. A. Morton, "Image Intensifiers and the Scotoscope," Applied Optics, Vol. 3, No. 6, 
June 1964. 

P. Schagen, "Electronic Aids to Night Vision," Televison Sociey J., Vol. 10, No. 7, 

1963. 
e E. A. Richards, "Fundamental Limitations in the Low Light -Level Performance of Direct - 
View Image -Intensifier Systems," Infrared Physics, Pergamon Press, London, U.K Vol. 8, 

p. 101, 1968. 

RCA Review Vol. 32 June 1971 305 



A Technique for Selective Electroless Plating 

N. Feldstein and T. S. Lancsek, RCA Laboratories, Princeton, N. J. 

Abstract-A technique for the selective electroless plating of metals and their 
alloys on dielectric substrates is-,descrlbed. The deposited metal film 

' is confihed to the exposed surface of the substrate. 'This newly de - 
;f , veloped technique is based upon the selective deactivation of the 

adsorbed stannous layer above specially patterned films. The deactiva= 
tjon is achieved through chemical oxidatjon of the tin (II) tothe tin (IV) 
state. 

Introduction 

Selective electroless plating of metals may be defined as the deposition 
of metals on preselected areas of a given substrate. There is a growing 
need for such processes, especially in the electronic industry, since 
they lead to inexpensive techniques for the fabrication of semicon- 
ductor devices, metal arrays, and printed circuitry. Selective electro - 
less plating also lends itself to the forming of precision metal parts 
and thus eliminates typical problems of undercutting commonly ob- 
served in etch -down processes. Furthermore, through selective plating, 
problems of metal reclamation and etch disposal are greatly minimized. 

To electrolessly plate on dielectric substrates, it is generally neces- 
sary to provide a catalytic surface capable of initiating deposition. 
Although there are several possible methods' for providing the 
requisite catalyst, the following two-step sequence is by far the most 
commonly employed. The substrate to be plated is immersed in an 
acidic stannous chloride solution, rinsed in water, dipped into an acidic 
palladium chloride solution and then rinsed again. 
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_ The following are believed to be the main physical and chemical 
reactions taking place during the sequence: 

1. Sensitization through stannous adsorption 

Sn+2 - S* .Sn+2 (adsorbed) 

2. Activation through a chemical replacement 

S* .Sn+2 (adsorbed) + Pd+2 -+ S'' .Pd (adsorbed) + Sn+4 

where S* is the surface site on dielectric surfaces. Although the 
detailed structure of the adsorbed stannous layer is not well under- 
stood, evidence exists that freshly deposited layers consist of a hydrated 
stannous oxide23 phase (which forms in alkaline media) as well as a 

stannic oxide phase.' 
The net result of this sequence' is the formation of finely divided 

(approximately 50 A in diameter) catalytic palladium nuclei giving a 

surface with an island -type structure. The average "thickness" of the 

Palladium layer is less than that for a monatomic surface layer. It is 

the physical presence and chemical activity of the palladium that is a 
prerequisite for the initiation of the electroless plating process. 

To achieve selectivity in the subsequent deposition of a metal layer 
by electroless plating, various methods for providing patterns of 
catalytic nuclei are used. Although several techniques' for selective 
electroless plating have been recently surveyed, the one described in 
this paper provides for selective plating by the use of specially pre- 
pared films which deactivate the adsorbed sensitizing layer. 

Experimental Procedures 

Fig. 1 shows the main steps used in the current process. Typical 
2 x 2 inch glass slides (E. Leitz, Inc., No. 19821) were used as sub- 
strates. At the conclusion of Step 1 (Fig. 1), an organic film pattern 
is present on the surface. Typical patterning materials used were 
dichromate sensitized PVA photoresists. This choice of photoresist was 
made because of the low cost, its ability to be developed in aqueous 
media, and its compatibility with the fillers used. 

The composition of the resist was standard except for the added 
oxidizing agent. A typical formulation contains 95 cc of 4% PVA resist 
(DuPont Evanol PVA 50-42), 7 cc of 5% Na2Cr0O7, and 2.7 cc saturated 
KMnO4 solution. Methyl orange' was another oxidizing agent- success- 
fully used. The methyl orange was first dissolved in methanol then 
added to the resist to a final concentration of 0.015M. 
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After application of the resist it was found that a pre -exposure 
baking step (100°C) rendered the film insensitive to standard exposure 
and development techniques; however, by omitting this baking step 
it was found that normal processing could be carried out in order to 
produce the desired pattern. For comparative purposes, PVA resist 
without the above filler was used, as well as a typical positive resist, 
Shipley AZ -1350. 

I. PATTERNING OF OXIDIZING FILM 

2. SENSITIZATION 

1 

3. BAKING 

b 

a 

4. ACTIVATION 

EZZÚ '7-T2229 

5. ELECTROLESS PLATING 

17\\\1 
e 

CHEMICAL OXIDATION OF THE STANNOUS 
ION 

o. Substrate 
b. Oxidizing Film 
C. Adsorbed Stannous Layer 
d. Catalyst 
e. Electroless Metal Deposit 

Fig. 1-Steps used in electroless plating process described here. 

After patterning, a sensitization step is carried out (Fig. 1, Step 2). 
A typical sensitizing solution consisted of 14M HC1 and 1.25M Sn+2. 
After a ten -second immersion and rinsing in D.I. water, the substrate 
was spun dry, and then baked. 

The baking procedure was generally varied depending on line -width 
requirements. Following a brief baking step, a standard activation in 
acidic palladium chloride is carried out (Fig. 1, Step 4). Electroless 
plating on the active regions takes place next. For convenience, a room 
temperature Ni -P7 bath was selected. In contrast to most selective 
electroless plating techniques, the success of the current technique is 
attained by the selective chemical deactivation of the adsorbed stannous 
film following the sensitization step. Depending upon the resolution 
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requirement, a wide variety of films and methods of application may 
be used. The choice of photoresist type material was based primarily 
on microelectronic requirements. Although the baking temperature was 
kept constant at 165°C (this temperature corresponds to the surface 
temperature of the hotplate used for baking), the baking time had to be 
varied depending upon the line -width requirements. A typical trend in 

baking time and line width is shown in Table 1. 

Table 1-Line Width and Baking Time 

Line Width (mils) Baking Time (min) 

2-10 -1 
-20 1.5-2 
5:40 3.0-5 

Although the baking temperature in Table 1 was 165°C, it should 
be realized that a longer bake time at lower baking temperatures can 
give equivalent results. This alternative may be of practical sig- 
nificance in providing a more controllable baking cycle. Due to the 
relationship between line width and baking time, the present technique 
is not applicable where lines of different widths are present. 

When a positive resist, AZ -1350, mas used without fillers, even 
though good wetting was achieved, no inhibition of plating was ob- 
tained. Use of PVA dichromate resist without a filler proved to be 
borderline; that is, a pattern was apparent but the definition was poor. 
This is an expected result in that the dichromatic sensitizer of the 
photoresist is a good oxidizing agent for the stannous ion) and any free 
dichromate ion can produce the same results as a permanganate ion, 
that is oxidize the sensitized layer. The relatively poor definition is 
also explainable because of the small amount of dichromate on the 
surface of the resist following exposure compared to the much larger 
amount of permanganate in the earlier resist mixture. 

The current process, however, offers certain advantages over other 
selective plating techniques.' 

1. The electroless plating step follows immediately after the palladium 
activator step. This ensures the maintenance of a fresh catalytic 
layer and no possible contamination or removal of the catalytic 
sites by contact with organic films. 

2. The current method is reproducible in comparison with a selective 
process that utilizes a differential wetting characteristic. In 
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the latter technique, because of a combination of effects, such as 
aging and impurities, nonwettable substrates may become 
wettable. 

3. In the current method, inexpensive water soluble photoresists aie 
employed successfully. 

4. If the substrate is improperly processed, e.g., baked for too long or 
too short a time, the nickel plating may be etched away in a 
50% HNO3 solution. The sensitization process may then be 
repeated as for an unplated . pattern. This sequence, may be 
repeated several times before the photoresist begins to degrade 
and become l lateable everywhere. 
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The Ad -Conductor Cathode 

Karl G. Hernqvist, RCA Laboratories, Princeton, N.J. 

Abstract-A novel type of cathode construction suitable for an electron emitter 
in a glow or arc discharge is described. The cathode consists of a 

thick coating of alumina particles made conductive by adsorbed alkali 
metal atoms. A metallic conductor is embedded in the coating and 
attached to the cathode terminal. This cathode retains the sputter 
resistive properties of oxidized aluminum without the need for critical 
processing procedures. The alkali metal is continuously transportable 
within the coating and gives it a characteristic self -healing feature. 

The "ad -conductor effect," by which adsorbed alkali metal atoms 
cause surface conductance in insulator substrates is reviewed, and an 
expression is derived for the conductance of a coating of alumina 
particles activated by cesium. Experimental studies of the electrical 
conduction through such a coating are described. Studies of the ad - 
conductor cathode in a neon glow discharge indicated a cathode fall 
of about 100 volts. The construction of ad -conductor cathodes suitable 
for gas lasers is described, together with tests using the cathode in 
helium -neon lasers and in pulsed argon lasers. 

Introduction 

For normal glow discharges, the most important electron emission 
mechanism is that due to ion bombardment of the cathode.' For pure 
metal cathodes, ion energies of the order of a hundred or hundreds 
of volts are required for substantial electron emission. Associated with 
this type of ion bombardment is release of atoms from the cathode 
(sputtering) causing several undesirable effects-gas clean-up, con- 
tamination of nearby structures, and, in severe cases, complete dis- 
integration of the cathode itself. One method to relieve this problem 
is to use oxidized metal cathodes, as, for instance, oxidized aluminum' 
or tantalum,' because some oxides have lower sputtering yield than 
metals. Since most oxides are insulators, it is essential that the oxide 
layer be very thin and uniform, which generally requires rather 
laborious processing methods.' This paper describes a type of oxide 
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cathode consisting of a very thick porous coating of oxide deposited on 
a metal surface. The oxide is made conductive by the action of an 
alkali metal' The alkali metal is subject to sputtering, but, due to the 
cataphoretic effects in the discharge, metal atoms return to the cathode. 
The conduction of the oxide is achieved by the adsorption of the alkali 
metal atoms on individual oxide particles of the coating. Hence, the 
term "ad -conductor cathode" will be used for this system. 

This paper describes (1) the electrical properties of the ad - 
conductor cathode (2) studies of the ad -conductor cathode in a glow 
discharge, and (3) applications to gas lasers. 

The Ad -Conductor Effect 

It is well known that insulators such as, e.g., aluminum oxide, become 
conductive in the presence of alkali metal vapors such as cesium."' 
Their conductivity depends on the fractional coverage of adsorbed 
metal atoms on the oxide.' In equilibrium, this coverage is determined 
by the balance between arrival rate and desorption rate of metal atoms. 
Hence, it depends on the metal vapor density as well as on the 
temperature of the substrate (T8) . When a large supply of metal 
vapor atoms is present (pool) it is customary to express the vapor 
density in terms of the coldest temperature (Tp) of the enclosure 
(pool temperature). For each substrate material the fractional cover- 
age of adsorbed metal atoms is a function of both Ts and Tp. 

It has been proposed' that the conductivity caused by cesium on 
insulators is caused by electrons donated by the adsorbed atoms to the 
substrate. These electrons may contribute to the conductivity of the 
insulator in a layer adjacent to the surface. The experimental results 
for the surface conductivity are well represented by the relation' 

B C 
logrogO=A---}--, 

T9 Tp 
[1] 

where gE is the conductivity per square (in units of mhos) and A, B, 
and C are constants that dei end on the kind of alkali-metal-substrate 
combination used. The constants A, B, and C are also affected by the 
contaminants present. 

Conduction Through a Porous Coating 

Assume an experimental arrangement where a porous coating of 
spherical alumina particles is positioned between two metal contacts, 
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of length a, width b, and separation L. It will be assumed that a binder 
is present in the coating to assure a substantial contact area between 
the particles, but that each particle surface communicates freely with 
the alkali metal vapor assumed to surround the coating. In this case, 
the coating may be approximately treated as a collection of closely 
packed cylindrical rods bridging the two metal contacts as shown in 
Fig. 1. If the diameter d of the particles is small compared to the 

Fig. 1-Diagram showing closely packed insulating rods between two con- 
ducting planes. 

extent of the electrodes (d« a or b), the conductance between the two 
electrodes becomes 

2a ab 
g = g - - mhos [2] 

Ld 

For example, for cesium on aluminum oxide under "unclean" condi- 
tions' (sealed -off glass envelope), A = -4.5, B = 2400, and C = 2700. 
For the case where both the coating and the cesium pool are at room 
temperature (Tp = Ts= 300°K), g = 11.5 mhos for ab = 1 cm2, L =1 
mm, and the particle size d = 10 microns. Thus, it is seen that the 
ad -conductor effect may provide a low conductance to a relatively thick 
insulator coating. 

Since, according to Eq. [1], the conductivity per square is dependent 
on the temperature of the substrate, the conductance of the porous 
coating will be significantly affected by the joule heat developed at 
higher current densities. It can be shown theoretically that there exists 
a current density above which a run -away process takes place and most 
of the alkali metal is driven off the coating. This critical current 
density depends strongly on the experimental conditions prevailing. 
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Experimental studies of an ad -conductor coating were made using 
the test tube shown in Fig. 2. A coating of alumina particles 5 to 15 
microns in diameter was deposited between two electrodes, one being a 
mesh allowing rapid communication with the vapor phase of cesium 
metal introduced into the tube. The coating covered a 1 cm2 area and 
was 1 mm thick. The particles were suspended in a solution of 
aluminum nitrate, methanol, and water. 

TUNGSTEN 
MESH 

POROUS A1203 
COATING 

TUNGSTEN DISC 

CESIUM 
''''''"PYREX ENVELOPE 

Fig. 2-Tube for testing porous ad -conductor. 

After evacuation, the test vessel was baked at 400°C for five hours. 
Before exposure to cesium vapor, the alumina coating was white and 
exhibited a very high resistance. After introduction of cesium to the 
evacuated chamber, the color of the coating changed gradually from 
white to purple, to light blue, and finally to dark blue. Simultaneously, 
the conductance increased reaching a value of about 3 mhos after about 
24 hrs. This value is in reasonable agreement with the value of 11.5 
mhos for the idealized coating of Fig. 1. If sufficient heat is applied 
to the coating or if the cesium pool temperature is lowered by refrigera- 
tion, the color and conductance changes are reversed. 

The current -carrying capability of the coating was demonstrated 
by applying constant currents of different magnitude to the coating. 
Fig. 3 shows recorder traces of voltage across the coating versus time 
for different currents. At low current, very little change occurs in the 
conductance over several hours. At intermediate currents, a noticeable 
change in conductance takes place, but a stable value is eventually 
reached. Finally, for currents in excess of about 1 A, a run -away con- 
dition takes place. In Fig. 3, the recovery towards equilibrium con- 
ductance is demonstrated by suddenly lowering the current to a value 
much lower than the critical current. 
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Fig. 3-Voltage across ad -conductor as a function of time for applied 
constant current: (a) steady-state conditions, (b) run -away effects 
at currents in excess of about 1 A and (c) recovery after severe 
joule -heating of ad -conductor. Parameter is the value of applied 
constant current. 
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Studies of the Ad -Conductor Cathode in a Glow Discharge 

A test diode was made in order to study the properties of the porous 
ad -conductor coating as an emitter in a glow discharge. The cathode 
electrode was completely covered with 1 mm thick coating and activated 
by cesium, as described in the previous section. The cathode area was 
4 cm2 and the vessel was filled with neon at a pressure of 9 Torr. The 
V -I characteristic is shown in Fig. 4. The tube drop (mainly cathode 
fall) was about 100 volt, intermediate between that reported for 
aluminum and for alkali metals in neon vapor.' 
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ie 

Fig. 4-V -I characteristic of glow discharge using ad -conductor cathode. 

Stable long-time operation was demonstrated at normal current 
density (5/p2- 6 µA/ (cm2 x Torr2)) . At higher current densities, 
overheating of the cathode would drive off the cesium making the 
cathode inoperative. After removal of the anode voltage for about 
Y2 hour, self -healing took place and normal cathode operation could 
commence. No signs of sputtering were visible in the tube after 100 
hours of operation at normal current densities. 

For some applications, the presence of alkali metal may create a 
problem by causing a leakage path between electrodes (due to the ad - 
conductor effect, most insulators become conductive) . This can be 
avoided by providing heating for the insulator surrounding the lead 
to the electrode that must be electrically isolated. This is automatically 
achieved in applications such as laser tubes where the anode is 
separated from the cathode by the capillary discharge, which heats up 
the capillary wall. Cataphoresis in the discharge tends to transport 
any alkali metal that may accidently have accumulated in capillary 
back to the cathode. 

Fig. 5 shows the practical application of an ad -conductor cathode 
to a small He-Ne laser tube. The alumina coating is directly applied 
to the glass of the cathode bulb. The current -gathering tungsten wire 
is completely embedded in the coating, ensuring that no metal parts 
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are directly exposed to the discharge. The ceramic insert is heated up 
by the discharge and assures electrical isolation of the cathode from the 
glass tubes leading to the main laser bore. Since the cathode is heated 
by the discharge, it has been found advantageous to use potassium as 
an activator, since it has a somewhat lower vapor pressure than cesium. 
Processing and activation proceeded as for the glow discharge test tube 
described above, but the gas filling was that appropriate for a 1.5 -mm - 
bore He-Ne laser (2 Torr He -1- 0.4 Torr Ne) . No change in laser per- 
formance was noted after 1000 hours of operation at a cathode current 
density of 200 µA/cm2. Shelf life of several years has been demon- 
strated. Lasers using the ad -conductor cathode have been shown to be 
particularly stable and free of noise.' 

r- 
' 

TUNGSTEN WIRE 
EMBEDDED IN Q..,.. A1203 COATING 

CERAMIC INSERT 

Fig. 5-Drawing showing laser tube using ad -conductor cathode. 

Application of Ad -Conductor Cathode to a Pulsed Arc Discharge 

It is well known that small emission centers may form on BaO-coated 
thermionic cathodes operating in gas discharge tubes. Such spots yield 
high -emission current densities but eventually lead to the permanent 
destruction of the cathode. It has been found that such emission centers 
may form on the cold ad -conductor cathode, but, due to the self -healing 
effect, no permanent cathode destruction occurs. The performance under 
such operating conditions has been studied in a pulsed argon laser, 
where pulse currents of the order of tens of amperes are required. 

The construction and processing of the ad -conductor cathode for a 
pulsed argon laser is analogous to that of Fig. 5. The gas filling is 
that typical for argon lasers (-0.13 Torr for a 1 -mm -diameter bore 
tube) . To create cathode spots, the tube must be ignited by a fast 
rising high voltage pulse (typically 5 to 10 kV with 1/2 sec rise time) 
preceding the main discharge pulse. Such pulse operation has been 
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demonstrated using pulse lengths from a few microseconds up to a few 
milliseconds,' at repetition rates from 1 to 60 Hz, and at pulse currents 
ranging from a few amperes up to a few hundred amperes with no 
signs of permanent cathode deterioration. 

Details of the emission process are not known, but it may be due to 
local heating and resulting thermionic emission. A new emission center 
(bright yellow in appearance) appears to form for each pulse. 

Conclusion 

The ad -conductor cathode is a versatile electron emitter for gas dis- 
charge devices. The self -healing feature gives it a ruggedness and 
reliability suitable for lasers using noble gases. 
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Permanent Holograms in Glass by RF Sputter Etching 

J. J. Hanak, RCA Laboratories, Princeton, N. J. 

J. P. Russell, Laboratories RCA, Ltd., Zurich, Switzerland 

Abstract-Holograms have been reproduced for the first time in glass by the use 
of the rf sputter -etching technique. The procedure consists of first 
developing a hologram in Shipley photoresist coated on glass and then 
etching off the photoresist by rf sputtering. Because of the relatively 
constant rate of removal of the photoresist over the entire surface, 
followed by similar etching of the glass, the details of the hologram 
pattern can be transferred into the glass. Hologram efficiencies of 10- 
15% have been obtained. Holograms have been also etched Into metals; 
however, dense, amorphous substances appear to be definitely superior 
media. The intended use of such holograms is for replicating them into 
plastic media, which has been satisfactorily accomplished. 

Introduction 

Holograms recorded in permanent media such as metals are desirable 
for replicating such holograms into softer media such as plastics. 
Such holograms are normally made by plating metals onto the surface 
of developed photoresist holograms and then peeling off the plated 
metal. 

This paper deals with recording of holograms into glasses and a 
variety of other desirable hard durable materials. Glasses are dimen- 
sionally more stable than metals from the standpoint of hardness, 
plastic deformation, thermal expansion coefficient, and corrosion; in 
addition, they are transparent. This new development has been 
realized through the application of an rf sputter etching technique, 
which is known to be useful in controlled etching of almost any solid 
substance, including metals, glasses, ceramics, and plastics. In the usual 
sputter -etching procedure, a mask, usually photoresist, is placed over 
the object to be etched; the desired pattern is etched in the object 
through the opening in the mask to approximately the same depth 
everywhere. A hologram is, however, very different from such a pat - 
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tern in that it is a much more complicated pattern and is three 
dimensional rather than two dimensional. In addition, the detail of 
the pattern of a hologram (one micron or less everywhere) is much 
finer than that of any other pattern previously etched. The detail and 
its smooth variation must be preserved during the etching procedure. 

Fabrication Procedure 

Selected hard objects (such as glasses) in which it is desired to record 
the hologram are first coated with a uniform thickness of photoresist 
film which should be as thin as possible. In this case, Shipley photo - 
resist having a thickness of 3000 to 5000 A was used. The resist was 
baked for 10 min at 80°C prior to the exposure of the hologram by 
means of laser light. 

Several exposures were made with varying exposure times (from 
20 to 240 seconds) so that, upon the development of the resist, the 
holographic record would be imprinted into the resist to various depths. 
For the shortest exposures, the holograms in the resist were barely 
discernible, whereas for the longest exposures, removal of the resist 
down to the glass surface was evident. After the development, the 
resist was normally baked again for 10 min at 80°C. At this point, the 
photoresist hologram was ready for rf etching. A schematic diagram of 
a cross section of such a hologram is shown in Fig. 1. 

RF etching was accomplished by placing the glass (or other) sub- 
strate onto the rf cathode and then bombarding the photoresist surface 
with argon ions at 0.8 W/cm2, argon gas pressure of 5 millitorr and 
for periods from 15 to 40 minutes. Since etching of the resist surface 
proceeds at a relatively constant rate at each point of the surface, the 
glass under the valleys in the hologram image (Fig. 1) is exposed first, 
whereupon it begins to be etched. By the time the crests of the resist 
image are removed, the hologram image has been etched into the glass; 
significantly, the three-dimensional definition has been preserved. The 
progression of the etching process is illustrated in Fig. 2. At the onset 
of glass etching a yellow orange glow appeared (apparently due to 
sodium) over the hologram surface. Etching was terminated either 
after no further changes in the glow appearance took place or after 
about 500 to 1000 A of the glass was removed (as estimated from 
previously determined glass -etching rate). 

The amplitude of the hologram image in the glass was smaller than 
that in the resist, because the etching rate of the glass is somewhat 
slower than that of the resist. Because the efficiency of a hologram 
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Fig. 1-Schematic diagram of a photoresist hologram ready for etching. 

depends on the amplitude, it is desirable for the two rates to be equal 
or for the etching rate of the substrate to be greater than that of 
the resist. Since the sputtering rates of arious glasses do not differ 
significantly (except for fused quartz, which etches about twice as fast 
as glasses), one must look at the possibility of varying the sputtering 
rate of resist. Qualitative results indicate that an increase in the 
baking time of the resist after development decreases its sputter etch 
rate until it nearly matches the etching rate of the glass. In this 
manner, an increase in the efficiency of the glass holograms can be 
obtained. 

Discussion 

The best glass holograms were obtained with long -exposure- resist 
images where the resist image is only a few hundred Angstroms thick. 
The thicker the resist image, the poorer the efficiency of the final glass 
hologram. Another factor is the depth to which the glass is etched. 
It would appear that the optimum end point for stopping the glass 

start 
hologram in 
resist 

part complete 

hologram 
part in resist 
part in glass 

complete 

hologram in 
glass 

Fig. 2-The progression of the etching progress. 
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Fig. 3-Microphotograph of the resists hologram. 

etching is just after the disappearance of the resist image. By 
terminating at this point, maximum hologram efficiency of 10-15% is 
realized in the glass as compared to the efficiency of 15-20% of the 
original resist hologram. Since the glass holograms were normally 
slightly overetched, the effect of overetching was examined. After 
etching an additional 2500 A of glass from a hologram, a loss of less 
than half in efficiency was qualitatively observed; after 12,000 A addi- 
tional etching, the hologram retained about one tenth of its original 
efficiency. The remaining resist around the hologram was conveniently 
removed by rf etching in oxygen gas for two to three minutes. 

In most of these experiments, ordinary slide glass was used, but any 
glass or ceramic material can be used, provided it is smooth and dense, 
(e.g., borosilicate glasses, silicate glasses, fused quartz, magnesium 

Fig. 4-Microphotograph of the glass hologram. 
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Fig. 5-Microphotograph of nickel hologram. 

oxide, sapphire, or silicon). It was found that glasses, because of their 
amorphous and dense structure, reproduce very true images of the 
original resist. This can be seen by comparing the photomicrograph of 
the resist hologram image (Fig. 3) with that of the glass hologram 
image (Fig. 4) . 

Similar etching was attempted with smooth, sputtered nickel film 

deposited on glass. Although a pronounced hologram was obtained, the 
result was disappointing because the image was grainy due to small 
nickel crystallites in the film (Fig. 5). A hologram etched into bulk 
stainless steel was, in selected areas, better than that in the sputtered 
nickel; however, it contained many defects, such as pores, grain, and 
boundaries (see Fig. 6) . 
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7 

4. 

i 

Fig. 6-Microphotograph of stainless steel hologram. 
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The holograms in glass, as well as the ones in metal, could be easily 
replicated into plastics such as Vinar or plastic adhesive tape, indi- 
cating their usefulness. 

In summary, the preceding experiments on rf etching of holograms 
into glasses, although preliminary and qualitative in nature, yielded 
novel and surprisingly good holograms with efficiencies of 10 to 15%. 
This technique could be easily perfected by varying the treatment of 
the resist. It provides a completely permanent hologram in transparent 
media such as glass or in reflecting media such as metals. 

The method is not restricted to holograms recorded in photoresist; 
any light-sensitive etchable medium that produces "relief" holograms 
or "thin" phase holograms, in which the regions of different refractive 
indices have different etching rates, can be used. 
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325) 
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C. V. Srinivasan Correction of Block Errors in a Transmission of Data (3,562,709) 
G. W. Taylor and A. R. Sass Light Deflection System (3,566,172) 
J. P. Watson Discontinuity Detector (3,566,084) 
P. K. Weimer Integrated Display Panel Utilizing Field -Effect Transistors (3,564,135) 
C. P. Wen Surface Strip Transmission Line and Microwave Devices Using Same 
(3,560,893) 
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R. Amantea, H. W. Becke, and P. J. Del Priore Double Heat Sink Semiconductor 
Device (3,569,798) 
J. D. Ammerman Corner Edge Connector for Printed Circuit Boards (3,567,998) 
J. Avins Signal Translating System Providing Amplification and Limiting (3,569,740) 
L. J. Baun Automatic Video Signal Gain Controlling Apparatus (3,569,620) 
R. S. Berger Semiconductor Mounting Adapter (3,568,761) 
P. S. Carnt and T. E. Bart Monitoring of PAL Signal Wafeforms (3,567,862) 
G. F. Carroll Automatic Return -to -Center Deflection Circuit (3,569,773) 
R. F. Day Electronic Photocomposition System (3,568,178) 
R. L. Ernst Temperature -Compensated Frequency -Voltage Linearizing Circuit (3,- 
569,867) 
H. Esten Gas Environment for Recorder -Reproducer Systems (3,569,637) 
P. Foldes Feed System (3,569,870) 
H. C. Gillespie, R. Herman, and M. M. Sowiak Apparatus for Monitoring and Con- 
trolling the Concentration of Toner in a Developer Mix (3,572,551) 
W. E. Harbaugh Heat Pipe (3,568,762) 
A. Harel Vacuum Evaporation Apparatus (3,572,672) 
G. V. Jacoby and J. D. Gleitman Compensation Readback Circuit (3,568,174) 
Z. J. Kiss Photochromic Device Based upon Photon Absorption (3,572,941) 
J. M. Kresock Color Subcarrier Oscillators (3,569,613) 
W. H. Laznovsky Selective Anodization Apparatus and Process (3,573,176) 
E. D. Menkes Phase Lock Loop (3,571,743) 
R. G. Olden Apparatus for Developing Electrostatic Images (3,572,922) 
K. Suzuki and R. Hirota Nonreciprocal Microwave Devices Using a Semiconductor 
Element (3,569,868) 
J. P. Watson Reduction of Tape Stiction (3,568,907) 
D. A. Wisner Speed Control for Motor Vehicles (3,570,622) 
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Juan J. Amodei received his B.S. degree in Electrical En- 
gineering from Case Institute of Technology in 1956 and 
his M.S.E.E. from the University of Pennsylvania in 1961. 
In 1965, he returned to the University of Pennsylvania for 
further study and received his Ph.D. degree from that insti- 
tution in 1968. Dr. Amodei began his career in 1956 with 
the Philco Corporation, where he worked on transistor radio 
developments. In 1957, he joined the Advanced Develop- 
ment Department of RCA's Industrial Electronic Products 
Division in Camden, N.J. Here he had responsibility for the 
development of a high -accuracy analog -to -digital converter, 

the development of a novel pressure telemetering system for medical applica- 
tions, and a sampling oscilloscope system with 1/3-ns rise time that later 
became a product. He transferred to RCA Laboratories, Princeton, N.J., in 
1959, working on the development of high-speed computer circuits and sub- 
systems. The results of this work included the realization of shift registers 
capable of 100 and 200 megabits/second information transfer rates and binary 
full adder systems with fraction -of -a -nanosecond state delays. He later became 
engaged in research and development of integrated circuits. Since 1966, he 
has been engaged in research and development of materials and devices for 
optical information storage. The work included research on the optical storage 
properties of doped and pure SrTiO3 crystals, leading to quantitative models 
that explained the thermal and optical coloring behavior of these materials. This 
work also led to the discovery and understanding of two -photon induced colora- 
tion effects. Later he was actively engaged in research and development in 
the field of optical recording in magneto -optic and metallic thin films as well as 
other approaches to optical information storage. In 1967, he studied and de- 
veloped a model for electron migration effects in photochromic materials that 
led to the proposal of an electro -optic holographic storage device. He is pres- 
ently the project scientist in a program aimed at developing better materials 
and techniques for high sensitivity, erasure resistant electro -optic storage 
systems. 

Since 1962, Dr. Amodei has been a lecturer at LaSalle College In Philadelphia, 
where he has been Chairman of the Electronic Physics Department of the Eve- 
ning Division since 1967. Dr. Amodei is a member of the American Physical 
Society, the IEEE, and Eta Kappa Nu. 
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I. P. Csorba graduated from the Electrical Engineering Fun- 
damentals at the Electrical Engineering Faculty of the Tech- 
nical University of Budapest in 1952. In the same year he 
was admitted to the Communication Engineering Faculty, 

- 0. specializing in communication and electronics. In October, 
1954, he received the Diplom Ingenieur Degree in Electrical 
and Communication Engineering. From 1955 to 1956 he 
worked as a research engineer at the War Technical Insti- 
tute, Budapest. In December of 1956 he joined the research 
group of Rauland Corporation, Chicago, where he worked 
on electrostatic -type image converter tubes, television pic- 

ture tubes, scan -converter tubes. From 1959 to 1961 he was with Motorola, Inc., 
Chicago, working primarily on electrostatic -type scan magnification. In Novem- 
ber of 1961, he joined RCA as a member of the Photo and Image Tube Engineer- 
ing Activity. Mr. Csorba has been active in the design and development of 
magnetic and electrostatic -type image tubes and photomultiplier tubes. 

William G. Einthoven studied at the T. H. of Delft (Delft 
Technical University) in the Netherlands, and passed his 
propodeuse examination in 1950. He prepared the scientific 
material for the expedition of Prof. A. C. S. van Heel to 
the Isle of Gotland in Sweden for the eclipse of the sun in 
1954 for his candidate work and accompanied his tutor on 
the expedition to this eclipse. In 1955 he received his de- 
gree in physical engineering on the subject "Striae of the 

`r Suneclipse of 1954". Mr. Einthoven joined the N. V. Werk- 
spoor in Amsterdam in 1957 where he worked in the labora- 
tory for physical and dynamical research. He built and ran 

a test set for oil bearings for fast turbines and solved practical problems on 

heat transfer, thermodynamics of the diesel process, and on vibrations of crank 
shafts in diesel engines. In 1959, Mr. Einthoven joined the semiconductor 
development laboratory of N. V. Philips in Nymegan, the Netherlands. He de- 
veloped the first local series of SCR's. He discovered a method to develop 
high -voltage transistors operating at up to 2,000 V. He headed several develop- 
ment groups, ranging from 2 to 12 people. In 1967, Mr. Einthoven joined the 
RCA Laboratories in Somerville, N. J. He is currently working on the develop- 
ment of high -current -density transistors. 

Mr. Einthoven is a member of the IEEE and the Dutch "Koninklyk Institunt 
van Ingenieurs". 

Nathan Feldstein attended The City College of New York 
where he received a Bachelor of Chemical Engineering de- 
gree. Following graduation, he was employed by Corning 
Glass Works in Corning, New York, as a development engi- 

-21 neer in the Ceramic Division. While in the Army, he served 
as an instructor in the School of Chemical, Biological, and 
Radiological Warfare in the Panama Canal Zone. While 
pursuing graduate work in Physical Chemistry at New York 

u i University, Dr. Feldstein was a teaching fellow at the same 
school, and later a lecturer in the Department of Chemistry 
of Brooklyn College. He joined the staff of RCA Laboratories 

in January 1966. His research activity has been primarily concerned with re- 

search and development of electrolytic and electroless plating solutions for 
applications in the electronics industry. 

Dr. Feldstein is a current member of A.C.S., E.C.S., A.E.S., Phi Lambda 
Upsilon, and Sigma Xi. 
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Edward C. Giaimo, Jr. received his B.S.E. degree with Honors 
in Engineering from Princeton University and an M.S.E. from 
the same University. He subsequently studied Solid State 
Electronics at Princeton. From 1943-46 he served with the 
United States Navy, completed the United States Navy Radio 
Material Program and was assigned to the Naval Research 
Laboratory, Washington, D.C. In 1951 he joined RCA Lab- 
oratories where he made contributions to ruggedization of 
precision traveling -wave -tube helix structures, developed ap- 
paratus for the purification and testing of early semicon- 
ductor materials used for transistors, has made original 

contributions in many aspects of the Electrofax process and materials and 
related electrophotographic systems. From 1957 to 1959 he was a member of 
the technical staff of C-Stellarator Associates, an organization of RCA and Allis 
Chalmers engineers, charged with the task of designing and building a thermo- 
nuclear research reactor for fusion research at the Matterhorn Project, Prince- 
ton University. His staff engineering duties with this organization included 
system specification and coordination. 

Mr. Giaimo is a member of the American Association for the Advancement 
of Science, Sigma Xi and a Senior Member of the IEEE. 

Joseph J. Hanak received his B.S. in Chemistry at Manhattan 
College in 1953, his M.S. in Physical Chemistry at the Uni- 
versity of Detroit in 1956 and his Ph.D. in Physical Chemistry 
at the Iowa State University in 1959. He was a Teaching 
Fellow in Chemistry at the University of Detroit in 1953 and 
1954, worked for the Ethyl Corporation as a Chemist in 1955, 
and was a research assistant at the AEC Institute for Atomic 
Research (Ames, Iowa) from 1955 to 1959. He has been a 
Member of The Technical Staff at RCA Laboratories since 

L_ ca 
1959. Dr. Hanak has been active In the field of chemistry, 
metallurgy, and crystallography of the rare-earth elements. 

He had done research on superconducting materials and ferrites as well as on 
the processes of chemical vapor deposition and sputtering. He Is the inventor 
of the RCA vapor -deposition process of Nb3Sn, and of stable, permanent, high - field superconducting magnets. For the past three years he has worked in the field of rf sputtering of superconductors and dielectrics. He introduced novel 
co -sputtering compositional analysis and testing methods applicable to a large variety of materials, thereby greatly increasing productivity in materials research. 
In 1969-70, he spent a year at RCA Laboratories, Ltd., Zurich, Switzerland on 
a European Research Fellowship. 

Dr. Hanak is a member of the American Chemical Society, Phi Lambda Upsilon, and Sigma Xi. 
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Karl G. Hernqvist graduated in Electrical Engineering at 
the Royal Institute of Technology, Stockholm, Sweden, in 
1945. He received the Licentiate of Technology degree in 
1951 and the Doctor of Technology degree in 1959. From 
1946 to 1952 he was employed by the Research Institute 
of National Defense in Stockholm, working in the field of 
microwave electronics. From 1948 to 1949, Dr. Hernqvist 
was a trainee of the American -Scandinavian Foundation at 
RCA Laboratories, to which he returned in 1952; he is pres- 
ently working on gas lasers. Dr. Hernqvist is a Member of 
the Institute of Eletcrical and Electronics Engineers and 
Sigma Xi. 

I 
Peter Kannam received the B.S. and M.S. Degrees in physics 

I from Madras University, India, in 1955 and the Ph.D. degree 
in phsics from Pennsylvania State University, University Park, 
in 1961. From 1956 to 1960 he worked on nuclear spectra - 

1 

scopy at Pennsylvania State University. In 1960 he joined 
Westinghouse Testing Reactor where he was engaged in 
nuclear reactor design. From 1962 to 1969 he worked on 
the design and the development of high -power and high - 
frequency semiconductor devices at Westinghouse Semi- 
conductor Division, Youngwood, Pa. Some of the major 
projects undertaken during this period were on peak -power 

capability of high-speed transistors, current -crowding in high -frequency power 
transistors, effects of free carriers on collector multiplication, and stress distri- 
bution silicon power devices. He was also on the faculty of Seton Hill College, 
Greensburg, Pa., as Associate Professor of Physics and Mathematics from 1961- 
1969. In 1969, he joined RCA Electronic Components, Somerville, N. J., where 
he engaged in the design and development of microwave devices. His present 
activity includes the development of power integrated circuits, investigation of 
burst noise in integrated circuits, and computer -aided device design. 

Dr. Kannam is a member of the American Physical Society and the American 
Association of Physics Teachers. 

Thomas S. Lancsek attended Moravian College in Bethlehem, 
Pennsylvania, where he received a B.S. in Chemistry in 1969. 
He joined RCA Laboratories in June 1969 and has been pri- 
marily involved with research and development of electrolytic 
and electroless plating solutions for applications in the elec- 
tronics industry. 
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John Olmstead received the B.S. degree in electrical engi- 
neering from the University of Buffalo, Buffalo, N. Y., in 1952, 
and the M.S. degree in electrical engineering from Newark 
College of Engineering, Newark, N. J., in 1957. He has 
taken graduate courses in mathematics and physics at the 
University of Buffalo. Mr. Olmstead joined RCA in 1952, 
working on gaseous discharge devices at the Princeton, 
N. J., Laboratories. He joined the Electron Tube Division, 
Harrison, N. J., in 1954, where he worked on design and 1dr: development of gas -filled and other specialized industrial 
tubes. Between 1950 and 1960 he alternated assignments 

at RCA and the University of Buffalo, where he was an Assistant Professor of 
Electrical Engineering. He returned to RCA on a full-time basis in 1960, joining 
the Solid -State Division, where he worked on GaAs solar cells, p -n junction 
field-effect devices, high -frequency power bipolar transistors, and MOS field- 
effect transistors. He is responsible for the multiple -gate "cascade" MOS 
configuration and the multi -emitter concept basic to the RCA "overlay" tran- 
sistor technique. In 1965 he undertook the development of high -voltage power 
transistors for horizontal -deflection applications. In this area, he analyzed and 
demonstrated that the degradation in the saturation characteristics of such 
devices is due to base widening. Since 1967 he has been engaged in device 
passivation studies (Si3N4, A1203) and the development of p -i -n and varactor 
diodes. Presently he is an Engineering Leader in the Technology Center at 
RCA, Somerville, N. J. Mr. Olmstead is a member of Sigma Xi. 

i 

Samuel Ponczak received his B.S. degree In Electrical En- 
gineering from the University of Maryland in 1957. After 
graduation he joined RCA in Somerville, N. J., where he 
has been engaged in computer -aided transistor design. He 
has also been involved in research work on p -i -n and 
varactor diodes. He Is presently working towards the M.S. 
degree in Electronics at the Stevens Institute of Technology. 

Mr. Ponczak is a member of IEEE, Eta Kappa Nu, and 
Tau Beta Pi. 

J. P. Russell received the B.Sc. degree in Physics from 
Queens University Belfast in 1958, and the degree of DPhil 
from Oxford University in 1962. In 1963 he joined the Royal 
Radar Establishment in England where he worked for four 
years on light scattering with lasers. He joined Laboratories 
RCA Zurich in 1967 and has since been engaged in research 
on holography. 
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in Physics from Stevens Institute of Technology in 1964, 
the M.A. degree from Princeton University in 1967, and the 
Ph.D. degree in Solid State Device Physics from Princeton 
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Graduate Study Award for part-time study of Physics at 
Rutgers University from 1964-1966, and a Doctoral Study 
Award for full time study of Device Physics at Princeton in 
1967. His Doctoral dissertation was primarily concerned 

with the development of new optical techniques for studying failure mechanisms 
in semiconductor devices, and the application of these techniques to the study 
of second breakdown in avalanching silicon -on -sapphire diodes. In addition, 
he has done theoretical work on Gunn domains, and on space -charge effects 
in avalanching junctions. 

Dr. Sunshine is a member of Tau Beta Pi. 

J. L. Vossen joined RCA in 1958 after receiving a B.S. in 
physics from St. Joseph's College. He was first associated 
with the Microelectronics Department of the RCA Solid - 
State Division in Somerville, N. J. There, his work centered 
on thick- and thin-film passive component processes. In 

1962, Mr. Vossen transferred to the Advanced Communica- 
tions Laboratory of the Defense Communications Systems 
Division in New York City, where he led a group conducting 
research on precision thin film resistors and capacitors. in 4 _ 1965 he joined the Process Research and Development 
Laboratory of the RCA Laboratories in Princeton, N. J., 

where he has been engaged in research on sputtering processes and other 
physical methods of film deposition. 

Mr. Vossen is a member of the American Physical Society, the American 
Vacuum Society, the Electrochemical Society and Sigma Xi. 

Paul K. Weimer received his A.B. degree from Manchester 
College in 1936, his M.A. degree In physics from the Uni- 
versity of Kansas in 1938, and his Ph.D. degree in physics 
from Ohio State University in 1942. From 1937 to 1939, 
he taught physics and mathematics at Tabor College, Hills- 
boro, Kansas. Since 1942, Dr. Weimer has been engaged 
in research at RCA Laboratories, Princeton, N. J., where 
he is a Fellow, Technical Staff, and Head of Solid -State - 
Scanned Device Research. At RCA Laboratories he has 
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f f participated in the basic development of various types of 

television tubes and solid-state devices. From 1959 to 1960, 
Dr. Weimer was granted an RCA fellowship for study abroad, which was spent 
at the Laboratoire de Physique, Ecole Normale Superieure, Paris, France, work- 
ing in the field of semiconductors. He was recipient of a Television Broad- 
casters' Award in 1946, the IRE Vladimir K. Zworykin Television Prize in 1959, 
and the 1966 IEEE Morris N. Liebmann Prize Award. In 1968, Dr. Weimer 
was awarded an honorary degree of Doctor of Science by Manchester College. 
He is a Fellow of the Institute of Electrical Engineers and a member of the 
American Physical Society. 
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Cheng P. Wen received the B.S. and M.S. degrees in elec- trical engineering from the University of Michigan, Ann Arbor, Michigan, in 1956 and 1957 respectively. From 1956 to 1963, he was employed in the Electron Physics Laboratory of the University and received the Ph.D. degree in electrical engineering in 1963. In March 1963, he joined the RCA Laboratories at Princeton, New Jersey, where he has worked on ultra -low -noise microwave tubes, gas lasers, microwave integrated circuits. 
Dr. Wen is a member of Eta Kappa Nu, Tau Beta Pi and Sigma Xi. 

C. Frank Wheatley started work on point -contact transistors with RCA Immediately after receiving his BSEE from the 
University of Maryland in 1951. At RCA, he has worked on the design, production, application, and development of germanium and silicon semiconductor devices. A large por- tion of his time has also been directed toward high -voltage and high -power devices. Mr. Wheatley has made extensive 
contributions in the design of transistor auto radios, solid- state high-fidelity circuits, and solid-state television deflec- tion circuits. Mr. Wheatley is a Senior Member of IEEE. 

Harry Wielicki, a chemistry graduate of the Philadelphia 
College of Pharmacy and Science, is a Member of the 
Technical Staff at RCA Laboratories, David Sarnoff Research 
Center, Princeton, N. J. Throughout most of his career at 
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uses, such as photoengraved printing plates and color 
Electrofax. He is a member of the American Chemical 
Society. 
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