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THE «“PLUMBICON”, A NEW TELEVISION CAMERA TUBE

by E.F. de HAAN *), A. van der DRIFT *) and P.P. M. SCHAMPERS *).
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In this article a description is given of the ** Plumbicon™ **), a new type of television pick-up
tube. The use of photoconducting material as a light detector and the construction of the tube

are such that the *“ Plumbicon™ can in many ways be considered as a type of vidicon, with which

it has in common simple construction and easy operation. The less favourable properties of the

conventional vidicon, hewever, are absent: the picture quality and the speed of response arealso

excellent at low levels of illumination. With this new tube, which equals or surpasses the existing

pick-up tubes in all respects important in broadeast television, particularly good results are ob-

tained when using it in cameras for colour television. This is because the * Plumbicon’

meels to a high degree the requirement that the signal supplied by one picture element depends

solely on the amount of light falling on it — so it does not depend on the position of the piciure

element, or on its history, or on the situation in the neighbouring eloments.

Principles and construction of the “Plumbicon™

In view of the requirements imposed by televi-
sion broadcasting, it has been necessary till now to
use either an image iconoscope or an image orthicon
for direct broadcasts. These were the only types of
pick-up tube with sufficient resolving power and
speed to respond adequately to the rapidly changing
details of the broadcast scene. The vidicons, which
far surpass these types in regard to simplicity and
ease of operation, were unsuitable because the picture
they supply to the receiver is too uneven at low light
levels — a consequence of local differences in dark
current; also, at low light levels vidicons have too
slow a response !). Their employment has been
limited to applications where a highlevel of illumina-
tion is possible, as in film scanning.

The new camera tube we describe in this article,
the “Plumbicon’ (fig. 1), poessesses the good prop-
erties of both classes of pick-up tube referred to
above, and even surpasses them in certain rcspccts:

*) Philips Research Laboratorics, Eindhoven.

**) A short article about this tube appeared in the preceding
volume: E.F. de Haan, Philips tech. Rev. 24, 57, 1962/63.

') A deseription of the types of pick-up tube most used up to
now may be found in D.G. Fink, Television engineering,
McGraw-Hill, New York 1960.

the “Plumbicon™ combines small size, simple con-
struction and easy operation with having a low dark
current, high sensitivity, high speed of response, and
good resolution. The life of the “Plumbicon™ is no
shorter than that of other studio-quality tubes. It
also affords striking advantages particularly in
colour television and in X-ray television set-ups,

Broadly speaking, the electrode layout of the
“Plumbicon” is like that of the wvidicon, and the
mode of functioning is much the same ( fiz. 2). A
glass plate is coated with a thin transparent con-
ducting layer of Sn0,, on which is deposited a thin
layer of photoconducting material, which in the
“Plumbicon” consists of lead monoxide (Ph0). The
scene to be transmitted is projected via the glass
substrate and the Sn0, layer onto the PhO. A beam
of slow electrons strikes the other side of the PhO
layer. The Sn0O, layer, known as the signal plate,
carries a potential of about 30 V with respect to
the cathode of the electron gun. The side of the
photoconducting layer facing the gun has roughly
the same potential as the cathode when the layer is
not illuminated; lighted areas periodically attain a
potential of a few volts higher.

Although the “Plumbicon™ may be considered in
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Fig.1. A pick-up tube of the “Plumbicon’ type. The tube is in the form of a cylinder having
a diameter of 3 cm and a length of 19 cm. The target diameter is 2 cm,

Fig. 2. a) Electrode layout of the “Plumbicon’ (schematic).
In the front of the tube (on the right) is a glass window 1, on
the inside of which have been applied, in that order, a transpar-
ent, conductive SnQ, layer 2 and a photoconducting layer of
PbO constituting the target 3. Animage of the sceneis projected
on the target, the other side of which is scanned by the elec-
tron beam 4. The beam electrons are supplied by gun 5 and ac-
celerated by anode 6, A mesh screen 7 has been fitted to the
front of the anode in order to make the field between target
and anode more uniform. The anode is at a potential of about
+300V, the Sn0, layer (signal plate) is at about +30V, both
with respect to the gun cathode. As will be explained, when the
tube is in operation the potential F* of the free surface of the
PbO target Auctuates within an interval AV of only a few volts,
the lower limit of which is approximately equal to the cathode
potential of the gun,

b) Equivalent circuit of the “Plambicon' explaining the func-
tioning of the tube, The elsctrode numbering is the same as in
(e). The signal plate is on the right, The photoconducting target
can be regarded as being made up of a large number of capaci-
tors ¢, each of which is in parallel with a current source supply-
ing a current ir whose magnitude depends solely on E, the in-
tensity of illumination; these capacitors represent “picture
elements’’. The beam can be regarded as a multi-way switch that
connects each of the picture elements in turn to the negative
terminal of the battery supplying the voltage on the signal
plate. Thus when a picture element is brought into circuit, the
potential Fonits free surface falls abruptly to zero (the cathode
is earthed). During the remainder of the frame period Ty —
the time elapsing before the electron beam returns to the
same picture element, which is usually 1/25th of a second —
¢ partially discharges owing to the flow of current ig; ¥ there-
fore rises. The increase AV in V' that takes place between suc-
cessive scans is greater when the picture element is more
strongly illuminated because iris then greater. A charging cur-
rent i,, proportional to AV, flows each time the beam completes
the circuit containing an element, and this current causes a
corresponding difference of potential to arise across signal re-
gistor r,. Consequently the potential ¥, varies and an output
signal is obtained. If ¥ is changing rapidly. 4 ¥ will have a value
roughly corresponding to the mean of the intensity of illumina-
tion on the element during the frame period in gquestion.

¢) The variation over time t in the potential ¥ on the free sur-  +30V
face of two picture elementis, one exposed to a high intensity of 1A N ,[1 , “‘._E! I. _q__,_‘l _ah"L‘I r.z“‘.‘ A_Jhl

v /i
i o o 1

illumination E, and the other to a low intensity of illumination T F70

E,. Since, under normal operating conditions, ir does not de- :
pend on the difference of potential F,— V, between scans the £
variation in ¥ is linear with respect to time, T
d) The variation in Vy over time ¢, corresponding to (¢). When | \ |
the contributions of all the picture elements are taken into Og T 2% 3%
account, then Fy varies e.g. as shown by the dotted line.
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many ways tobeakind of vidicon, thereisa character-
istic difference however between the “Plumbicon™
and the present vidicons, and this concerns the
photoconducting layer. Not only has this layer been
made from a different photoconductor — Sb,S; and
sometimes As,S, or Se have so far been used in ordi-
nary vidicons — but what is more important, the
PbO layer together with the SnO, layer form a unit
consisting of three sublayers, cach of differing con-
duction type. The inner sublayer consists of almost
pure PbO, which is an intrinsic semiconductor. The
Pb0O in the layer struck by the electrons is doped to
make it a P-type semiconductor (hitherto not possi-
ble with Sh.S;). The SnO, signal plate is strongly
N-type. The contact between the PhO and the Sn0,
may also give rise to a thin N-type layerin the PbO.
The P-type and N-type layers are relatively thin, so
that the inner (intrinsic) layer, the I layer, takes up
most of the overall thickness of the PbO layer. For
simplicity it is assumed in the following that the
N-type PbO layer is always present 2).

Examination under the electron microscope shows
the PbO layer to be porous in structure; it is built
up of ecrystallites having dimensions of about
1.0 X 1.0 0.1ym. The filling factor ranges from 307/
to 50%,. The dimensions of the crystals are small
compared with the line spacing (20 pm). They are
therefore too small to be detrimental to the resolv-
ing power. The overall thickness of the photocon-
ducting layer ranges from 10 to 20 um.

The fact that the tube has many favourable prop-
erties for television broadeasting is thanks to the
multilayer structure of its photoconducting target.
Its ability to satisfy two of the main desiderata,
namely low dark current and high sensitivity, is
easily explained. When the tube is in operation its
photoconducting layer — in contrast with a conven-
tional vidicon — constitutes a reverse-biased diode.
The dark current is the (small) inverse current
through this diode. The tube owes its high sensitivity
to the T layer sandwiched between the P and N
layers. Conduction electrons and holes generated by
light cannot contribute to a photo-current unless
they originate in a region where a relatively high
field-strength prevails. If the diode in question were
simply a P-IV device, the requisite field-strength
would only be available in the immediate vicinity of
the junction, and a large proportion of the charge-
carriers generated in the PhO would be ineffective.
In the “Plumbicon”, however, there is a high field-
strength throughout the I layer, in consequence of

%) The characteristics of the “Plumbicon are compared with
those of other tubes in an article by A.G. van Doorn and
S.L.Tan, shortly to be published in this Review.
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the fact that this is a relatively poor conductor, and
since the PbO layer consists almost entirely of I
material, almost all the charge-carriers generated in
the PbO contribute to the photo-current ),

In principle, an excessive dark enrrent can be compensated
by electrical means. In practice, however, electrical compensa-
tion is searcely ever adopted: unless the dark current has the
same value within close limits at all points on the sereen, com-
pensation leads to an uneven image signal which is undesirable
and in eolour television is quite unacceptable. An additional
difficalty is that the dark current is strongly dependent on
temperature. [f, on the other hand, the dark current has avery
low value (say 10-* A, or about 1Y, of the signal current), local
variations, even though quite large (the values differing by a
factor of 2, for example) will not perceptibly affect the uni-
formity of the image.

In most other important respects — spectral char-
acteristie, definition, speed of response and service
life — the favourable properties of the tube are
mainly dependent on a suitable choice of the pa-
rameters governing the properties of the sublayers,
such as their thickness, the doping substance and its
concentration, and so on. Although some of the de-
mands of studio use give rise to conflicting require-
ments, it has not been necessary to make compro-
mises between the various parameters. On the con-
trary, there is so much play that certain properties
can be varied quite widely without interference
with the others. This makes it possible to manufac-
ture camera tubes of the “Plumbicon™ type with
properties very closely fitted to the demands of a
given application. Left out of discussion are the very
large wvariations encountered when the choice of
photoconducting material is not restricted to PhO,
but when e.g. PbS is added %).

Various points mentioned above will now be elab-
orated 5). First however the relevant physical and
chemical properties of PbO will be discussed; some
observations will be made on the process of deposi-
tion of the PbO layer, and a brief account given of the
way in which the potential of the free surface of the
photoconducting layer varies during a frame period.

The properties of Pb0 ; deposition of the photoconduct-
ing layer
Two modifications of Pb(Q are known: the red

(tetragonal) modification, which is stable at tempera-
tures below 488 °C, and the yellow (orthorhombic),

%) For a succinct explanation of the physical principles under-
lying photoconductivity see e.g. L. Heijne., Philips tech.
Rev. 25, 120-131, 1963764 (No.5).

*) See the article by E.F. de Haan, F.M. Klaassen and P.P.M.
Schampers, shortly to be published in this Review.

¥) See also L. Heijne, thesis Amsterdam 1960, Ch. 8.
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which is stable at higher temperatures. The red PhO
is built up from “sandwiches” consisting of a plane
accupied by O atoms, on either side of which is a
plane oceupied by half as many Ph atoms. These
sandwiches have a thickness of 2.38 A, and the spac-
ing between the O planes is 4.99 A,

The structure of the yellow modification differs
considerably from that of the red. This too is built
up from sandwiches, with Ph atoms on the outside,
but the “filling” is more complicated. Accordingly,
the thickness of the sandwich is rather greater
(2.72 A). Various investigators have demonstrated
that oxygen can be inserted between the sandwiches
(especially those of red Pb0) without drastically
modifying the crystal structure of the compound; in
other words, departures from stoichiometric ratio are
possible. It is in virtue of this important property,
among others, that PbO can be turned into either an
N-type or a P-typesemiconductor. I't has been found
that PhO becomes a P-type semiconductor when an
excess of oxygen is present, or when it has heen
doped with T, Cu or Ag. The compound becomes an
N-type semiconductor when an excess of lead is
present, or when it has been doped with Bi.

The energy gap AE of the forbidden zone between
the valency band and the conduction band, the
quantity that determines the upper limit of the range
of wavelengths within which photo-excitation can
oceur, is 2.0eV for red PbO and 2.7V for the yellow
modification. The band gap of red PhO gives rise to
a cut-off wavelength of about 6200 A, that of yellow
PbO gives about 4500 A.

The production of the PbO layer in a tube of the
“Plumbicon” type is by vapour deposition. PhO con-
tained in a small platinum erucible is evaporated by
inductive heating, and condenses on a window pre-
viously coated with Sn0,. The crucible temperature
is held at about 900 °C; at this temperature evapo-
ration proceeds at a reasonable rate. Durin g thedepo-

sition process the window is likewise kept, within
fairly elose limits, at a certain temperature, A high
temperature is especially undesirable because the
crystals of the deposited PbO become too large to
give the required image resolution. Deposition takes
placenotin vacuum, but in a certain gas atmosphere.

Owing tothe considerable difference in the cut-off
wavelengths «f red and yellow PhO, the red-yellow
ratio has an in vortant effect on the spectral Tesponse
of the “Plumb. von™, An X-ray diffraction study, in
whieh the diffra. tion pattern of PbO layers deposited
by the normal ocess was compared with those
of certain mixtur s of yellow and red PhO powders,
has revealed thai these layers consisted of about
909%, of the red modification and about 109, of the
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yellow. At vapour pressures lower than the normal
one, the proportion of yellow PhO was greater.
Moreover, the red crystals were found to have a pre-
ferred direction.

Potential of the target surface; stabilization

As already stated, the free surface of the PhO tar-
get has a potential ¥ that varies within a range close
to the potential of the cathode. At the instant the
scanning beam leaves an element of this surface, the
potential of this element is roughly equal to that of
the cathode; in the time elapsing before the beam
returns, Vrises by a few volts only. The actual range
over which the surface potential varies is determined
by the requirement that in the steady state, the
amount of (negative) charge removed per unit time,
in consequence of the flow of photo-current, must be
equal to that supplied by the electron beam. (Since
the negative charge is supplied intermittently, this
equality is only valid if an interval of time is con-
sidered containing an integral number of frame
periods,)

Fig.3 shows, schematically, how i,, the net cur-
rent flowing to a surface element of a PbO target
under electron bombardement, depends on the po-
tential 7 of the target surface. The various curves
refer to different values of heam current, i.e. the cur-
rent formed by the electrons leaving the electron
gun. When V' is the same as the cathode potential
(which is zero), the deceleration of the electrons in
the final part of their path is equal to their pre-
vious aceeleration, with the result that only a few of
them actually reach the target. The net flow of cur-
rent to the target is even smaller, owing to secondary
emission; it is on account of increasing secondary

Y

Fig.3. The net flow of current i, to a surface element of a PhO
target under continuous electron bombardment as a function
of the potential ¥ of the target surface (the cathode of the elec-
tron gun is assumed to have zero potential). As ¥ increases, i,
also initially increases but subsequently falls off on account of
increasing secondary emission. The ahove curves, which are
schematic, relate to various values of beam current (i.e. the
current constituted by the electrons leaving the gun).
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emission that the net current to the target, after at-
taining a maximum for a certain potential value, falls
off again as Fisraised further. Fig. 4 gives an overall
impression of the way the photo-current that flows
through the target layers, and so removes negative
charge from its free surface, depends on the poten-
tial difference U between the two faces of the PhO
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Fig.4. The variation of iy, the photo-current that removes (nega-
tive) charge from an elementary area of the free target sur-
face, withh the potential difference U across the target. The
curves, which are schematie, hold for different values E; of the
illumination. The stronger the illumination, the heavier is the
current ip.

target (U = V,, — V; see fig. 2). The plotted quantity
i, is again the value of the current per surface ele-
ment,

In fig. 5 one of the curves of fig. 3 has been com-
bined with the family of curves in fig. 4. That, in fact,
corresponds to the situation prevailingin the tube: the
intensity of illumination may assume almost any
value, but unless altered from outside the beam cur-
rent always remains the same. For reasons that will
shortly become clear, the ordinate values for the
curves representing the current flowing through the
target layers have been multiplied by a factor N
representing the number of surface elements into
which the surface is understood to be divided.
Accordingly, the quantities plotted are iy and Niy,.

Consider first the imaginary case in which the
beam electrons continuously bombard the same spot
on the target surface, i.e. a spot whose area is 1/Nth
the total target area (this is what we call a picture
element), and in which a constant photo-current Ni},
is flowing at this spot. The potential ¥ of the spot
then assumes a value given by the projection on the
abscissa of one intersection point of the i, curve
with the relevant Nip curve: the loss of charge is
then exactly balanced by the rate of supply. The
points of intersection representing stable states have
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been marked in fig. 5 with a dot. Tt will be noted
that these points oceur both on the rising and on the
falling branch of the i, curve. In the former case the
value of V is close to zero, and the voltage U across
the target is therefore roughly equal to V. The
points of intersection on the falling branch represent
states in which the value of ¥ is close to the signal-
plate potential, and U is very small.

Let us now consider the true situation, in which
the beam scans the target and the current supplying
a given picture clement only flows for 1/Nth of the
time. On account of the surge-like character of the
charge-supply process 7 does not assume a steady
value; it can however be said that the range over
which V" varies must extend on either side of one of
the stable-state values referred to above. Since the
range of variation /¥ is normally small compared
with V', these stable-state values nevertheless give
a fairly good indication of the operating conditions
that are possible in the tube: there are again two pos-
sibilities when the tube is operational. Operating
conditions such that V' ~ V,;,, U accordingly being
small, are extremely unfivourable, however: in the
first place the equilibrium value of iy differs very
little with different intensities of illumination, with
consequent loss of contrast, but apart from that,
special forms of sluggish response are liable to occur
at lDw U Values.

Therefore in practice the beam-current value is
chosen high enough for an intersection to be avail-
able on the rising branch of the ¢, curve even at the
highest intensity of illumination likely to occur on
the PhO target during a broadcast. In this way
a third, but no less important, disturbing effect is

—

— |/

|
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u |

Fig. 5. To explain the fact that the interval AV can fluctuate
in the neighbourhood of the cathode potential of the electron
gun (¥ = 0), as well asin the neighbourhood of the potential
of the signal plate (F & V).
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avoided that occurs when one surface element has a
potential close to ¥, and the other a potential close
to zero. In these circumstances the element with the
higher potential will start to attract electrons
towards it when the beam approaches, and continue
to do so after the beam should have passed. In con-
sequence, lighter-coloured parts of the scene will be
“blownup”, i.e. appear higger than they really are.

The fact that " moves within an interval AV, contained be-
tween the abseissa values of the intersections of the i, and Vi
curves, can be proved as follows. During the short time T', in
which the beam passes a surface element, then for the (negative)
charge:

d@ = (ia— dp}dt ~ fudt = cd V.
Here d{} is the charge supplied in time dt and ¢ is the capaci-
tance of the layer per surface element. It follows from this that
d¥/ix= dt/c. In the time Ty, ¥ decreases from ¥, to V) and so:

¥,

i~ d.I" B T‘p
j e
Ve

For the potential increase following from the flow of the dis-
charge (photo-) current, we have py analogy:

L

[ Ay T

iL et
L
or, as I'r = _NTP:

Vl

T AV Ty
f Ny =
VZ

I 1/i, and 1/Ni}, are both set as funetions of V7, then the areas
under the curves between the ordinates ¥ = Fpand }' = V),
are equal. This implies that the curves must intersect at least
onee in the interval F,— F,. So the same holds for the curves
for ia and Nij,.

The target considered as a P-J-/N diode

To obtain the smallest possible dark eurrent and the
greatest sensitivity possible in combination with it,
then theoretically one must use a layer of an intrinsie
photoeconduetor fitted with two contacts one of
which, when current 1s flowing in a given direction,
will hinder electron supply and the alter the hole
supply (“blocking contacts™:see fig.6). In the “Plum-
bicon™, the P layer acts as the contact hindering
the entry of electrons. and the obstacle to the entry
of holes is formed by the SnO, or by the PhO imme-
diately adjoining it, when this region of the target
has become an N-type conductor %), The fact that
blocking contaets have been attached to the photo-
conducting layer in the “Plumbicon™ constitutes
one of the most striking differences with the conven-
tional vidicons.

%) See F.A. Kriger. G. Diemer and H.A. Klasens, Phys.
Rev. 103, 279, 1956.
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Fig. 6. Energy-band diagram (greatly simplified) of an intrinsic
semiconductor (1) fitted with two metal contacts (Me, and
Mes). Me, has such a high work function (4,) that electrons
contained in it have very little chance of crossing the interface
and entering the conduction band of the semiconductor. In the
same way holes arriving from the metal Me, are unable to
reach the valence band. On the other hand the charge-carriers
that the incident light has liberated in the semiconduactor,
having moved over to the appropriate contact under the action
of the electrie field due to applied voltage U, encounter no ob-
stacle hindering entry to that contact. (For simplicity, 4, and
A, have been chosen equal to $4E.)

The energy-band diagram of a P-I-N diode is in-
dicated in figs.7a and b. Fig.Ta shows the details and
fig.7h is a simplified diagram. It differs from the
drawings in fig.6 in that the bands in the I layer are
curved. This eurvature can be explained as follows.
In reality, the I layer can never be completely free
from impurities; donor and acceptor centres in cer-
tain nmumber are always present. The diagrams
apply to the case where hoth concentrations are
relatively high and roughly equal, When the concen-
trations are low the curved parts merge and the band
diagram has the appearance indicated in fig.7c.
Fig.7d shows how this diagram alters when a voltage
iz applied to the diode. The central layer (I), having
by far the greatest resistance, shows the steepest
fall-off in potential. However, because of the curva-
ture of the bands the field-strength is not every-
where the same. F' ig.8 shows how the potential varia-
tion in the middle layer differs from that of fig.7
when the donor and acceptor concentrations are un-
equal, so that the layer is either slightly P-type or
slightly N-type. In the former case the steepest fall-
off in potential (and the higher field-strength) is on
the N-contact side; in the latter case, the steepest
fall-off is on the P-contact side. The practical sig-
nificance of all this will be discussed below.

Fig.9chows the band diagram of a single contact,
along with the more important quantities that allow
the shape of the potential barrier to be described,
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Fig. 7. a) Energy-band diagram of P-I-N diode. The curvature
shown by the bands in the I layer is due to the fact that in
practice this layer can never be completely free of impurities.
In the case illustrated here, the conecentration of impurities is
relatively high. Diagram (b) is a simplified version of (a), the
marked curvature exhibited in the two junctions having been
converted into an abrupt change of slope. Diagram (c) is simi-
lar to (b) but relates to a diode with an I layer of such a high
purity that the bands are nowhere horizontal and the curved
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Fig. 8. Band diagrams simplified in the same way as fig.7h and
relating to P-I-IV diodes whose I layers are slightly P-type (a)
and slightly N-type (b). In these cases there is a fairly steep
fall-off of potential close to one contact and a region with a
gradual potential fall-off (and consequently a very low field-
strength) near the other.
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Fig.9. Near the interface between two regions of different con-
duction type a potential barrier arises which can be described
in terms of the work function 4, the diffusion potential Vp,
and the width B of the barrier?).

portions meet. Diagram (d) shows how (c) is modified when a
voltage U is applied to the diode. It must he made plain that
this band diagram is itself a simplification since it implies that
the target material has a homogeneous structure while in reality
the PbO is made up of a large number of small crystallites.
However, the diagram is quite adequate for the purpose of
explaining the action of the diode and its more important prop-
erties,
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namely the work function (barrier height) A, the
width B of the region in which the bands are curved,
and the diffusion potential ¥, 7). B is given by the
formula

/2e(Vy £ U)

B = l .
- W
and the capacitance ¢’ per unit area by
/' eeN
Bt s I _ EGen : (3
B 2(Fp + U)

Here ¢ and ¢ are the dielectric constant and the
absolute value of the electric charge respectively,
Ny is the (small) donor concentration in the I
region, and U is the applied voltage. Further, for the
field-strength F' in the barrier,
. eNy(x—B) )
y o o s oo w o= (B
&
in which x is the distance to the junction. Use is
made of these formulae in the following section.

The dark current

As we have scen, the dark current is mainly deter-
mined by the inverse current through the P-T and
I-N junctions. We shall now consider the magnitude
of this current, taking only one of the contacts and
only the kind of charge-carrier obstructed by that
contact — the P-I junction, say, and the electron
current. For such a contact, when reversed biased,
the density jy, of the electron current is given by

Ju(U) = n(0) ey F(0) = —n(0) euy, |/ Z—END( VDTL—),

where uy is the mobility of the electrons and n(D) is
the electron concentration in the boundary plane.
The value of n(0) depends on the absolute tempera-
ture T, the work function 4 and the constant N,
(sometimes called the effective density of the states
in the conduction band), being connected by the
formula

— 4/

n(0) = Nee ™. . ... )
Given the values of U, T, Ny, ¢ and Hps OLE can use
(4) and (5) to calculate the minimum value 4 must
have for the dark current to be smaller than, say,
10-% A (roughly 10%, of the signal current; this cor-
responds, since the target area is a good 3 em? to
a current density of j; ~ 3%10-? Afem?), The

*) See the article cited under ?). Since the thermal work fune-
tion solid-vacuum does not appear in this article, for
simplicity the thermal work function contact-semiconduc-
tor A will be referred to as the work function,
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results of a number of such caleulations have
been collected in Table 1. These are based on the
assumption that U = 30V, T = 300°K and & =
12¢, (for non-porous PbO, & = 26¢).

Table I. Minimum values of A (eV), the relative work function
of a contact on a photocondueting laver, appropriate to ces-
tain combinations of mobility uy, (em?/Vs) and donor concen-
tration Vp (em™). The minimum values are obtained from
the requirement that the dark enrrent should not exceed 10-5 A
when a voltage of 50V is applied to the diode. (The relative
dielectric constant is assumed to be 12, the absolute tem-
perature 300 °K, and the area of the laver 3 cm2 The value
of ¥'p has been put equal to zero.)

N ‘ _

™ S ND 1011 101.5 1015 lﬂ]? ]015

1 | .79 .81 i 0.84 0.8'?_ 0.90
10 | 0.8 | 087 | 090 | 093 | 096
00 ‘ 0.93 _‘ 0,99 ‘ 1.02

0.90

(.96

As can be seen, over a wide range of g, and N,
values, the required value of A lies around 0.9¢V
(it should be noted that the Ny value of 10¥em—2
is for very pure material, that of 10'8cm —# for heavily
doped material). We can infer from fig. 7b that the
band gap AE must be equal to or greater than A; in
other words, the band gap too must be at least about
0.9eY. At higher temperatures a bigger work func-
tion and a wider band gap will be required (see eq. 2);
but smaller 4 and AE values suffice at lower tempera-
tures, Or expressed the other way round: the use of a
material withaband gap of less than 0.9 eV is not im-
possiblebut thencoolingisrequired to get asufficiently
low dark current. It willnow be clear why an extreme-
lylow dark current canbe achieved withalayer of PbO
to which blocking contacts have been attached: the
band gap of red PbO is no less than 2.0eV. It can be
seen in fig. 10 how the dark current in the “Plum-
bicon™ varies with the potential difference across the
target.
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Fig. 10. The dark eurrent i4 as a function of the potential differ-
ence U across the target. At no value of U likely to occur in
practice does the dark current exceed 0.5 10-* A_ As might be
expected, the curve resembles a diode characteristic. (In fact,
the signal-plate potential ¥, has been plotted along the hori-
zontal axis; in practice ¥, is nearly equal to U. The same holds
for figs. 11 and 12.)



1963/64, No. 6/7

In the foregoing it has been tacitly assumed that
there is negligible thermal generation of charge-
carriers in the I region. Calculation confirms that this
effect can, in practice, safely be neglected. (Only in
the most unfavourable case, viz, that where the im-
purity levels lic at about half-height in the forbidden
zone, can too strong a dark current be obtained
when using a material with a band gap of 0.9eV.)
Sensitivity

We shall now discuss the way in which the photo-
current flowing through the PbO depends on the po-
tential difference between the P and IV layers, on the
character of the light and on the intensity of illumi-
nation, and examine how these relations are af-
fected by the thickness and other characteristics of

the sublayers composing the target. I'ig.11 is a graph
of the photo-current if versus the applied voltage U
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perfectly practicable, the breakdown voltage of the
PhO target being so high that a value of 50V, say,
can safely be chosen for the applied voltage.

The reason why saturation is attained so quickly
will now be explained. As is well known, a photo-
current saturates when the transit time, the time the
charge-carriers take to reach a contact, is shorter
than their mean life. The transit time depends not
only on the applied voltage but also on the field
pattern. In an I layer with a relatively high concen-
tration of impurities, zones in which the energy bands
are curved are rather narrow and in the middle of
the layer there is a region of extremely low field-
strength (see fig.7 and formula 1). In these circum-
stances the transit time is very large and most charge-
carriers recombine before reaching a contact. It is
not until the applied voltage is raised so high that
the zones just referred to extend pretty well through-
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Fig.11. The variation of the photo-current if as a fanction of the signal-platevoltage F,
for different kinds of light, the intensity of illumination remaining the same (measured on a
randomly selected tube). Curve W, which is to be read in conjunction with the i seale on
the left, relates to white light with a colour temperature of 2640°K. Curves R, G and B, to
be read in conjunction with the if scale on the right, relate to red, green and blue light
respectively; these latter were obtained by placing coloured filters in the path of the light,
no other detail of the experimental set-up being altered. The filters in question have trans-
mission characteristics similar to those of the red, green and blue filters used in a colour-
television camera. (They are Gevaert R586, G537 and B488 respectively.) For all four
kinds of light. if already attains its saturation value at [/ values of the order of some tens
of volts. The curves are slightly concave at the extreme low-voltage end.

for four kinds of light — red, green, blue and white. It
will be seen that rising initially with U, the curves
subsequently flatten out. This saturation, combined
with the fact that the quantum efficiency is close to
one,is an indication that the contacts are acting asre-
quired, and not supplying additional charge-carriers.

It will also be seen that for all kinds of light, the
saturation value of iy is attained at a U value that is

out the thickness of the layer, that the field-strength
is high enough for all the charge-carriers liberated
by the inecident light to be able to contribute to the
flow of current to the fullest extent. Now, in the
“Plumbicon™ the donor and acceptor concentrations
in the I layer are so small that the band curvature
extends through the whole thickness of thelayer,even
when the applied voltage is very small.
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Moreover the impurity that is inevitably present
is of a type that least affects the properties of the
tube. To a very limited extent the middle sublayer
is a P-type semiconductor. The region where field-
strength is lowest and where, accordingly, most of
the recombination takes place — from now on we
shall eall it the “field-free” region — is therefore to
be found in that part of the I layer which lies next
to the P layer (ef. fig.7a). Here the field-free region
does much less harm than if it were close to the IV
layer (fig.7b), owing to the way in which PbO ab-
sorbs light. Red light iz absorbed rather gradually
as it passes through the target, but most of the blue
is absorbed in the first 5 um of the target thickness.
In a target containing a wide field-free region imme-
diately behind the IV layer, charge-carriers generated
by blue light make no contribution whatsoever to the
photo-current. It is true that the field-free region
shrinks as the applied voltage is increased, but those
parts of it which lie immediately behind the window,
and which absorb the greatest amount of blue light,
are the last to be affected. In these circumstances the
characteristic for blue light changes at the low-
voltage end ( fig. 12), and a far higher value of applied
voltage is required for saturation than when the cen-
tral layer has P-conducting properties and the field-
free region is on the gun side.

From the point of view of serviee life, it is even an
advantage for the I layer to be somewhat P-type,
as is shown later.

In approximation, the field-
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expressed by a formula of the type i oc LY, The
value of the exponent is close to unity. Generally,
» is found to have a value hetween 0.8 and L
which means that the photo-current is more or less
proportional to the incident luminous flux; a single
value, uniform at all light levels, can therefore be
quoted for the sensitivity of the “Plumbicon™ $),
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Fig. 12. When the I layer is too strongly N-type, the low-
voltage end of the i;,UJ characteristic will be depressed,
and a high applied voltage will be required for if to attain its
saturation value. This effect is strongest for blue light.

The significance of this will be further discussed in
the article quoted in %). For the tube whose charac-
teristic appears in fig. 13, this value is 210 pA/Im.
(For the conventional vidicons one value only can-
not be quoted; y differs widely from unity —
roughly ¥ = 0.5 — and is even dependent on L.

#) Also when iris below the saturation value the photo-current
is still proportional to the incident luminous flux, and from
this fact we can probably conclude that the recombination
is monomolecular.

strength can be equated with A T
U}d in cases where the curva-

ture of the bands is only slight, B

o2 5
T

d being the thickness of the
layer. The wvelocity of the ir
charge-carriers iz then uU/d,
and for the transit time to be

smaller than the mean life 7 of
the charge-carriers it is required
that d*/ull <2 7. For a U value af

of 10V and a layer thickness
of 10um the requirement be-
comes ut > 10-7 em?/V.

T 117

The way in which if, r
the photo-current flowing

through the PbO layer,
depends on the incident
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Fig. 13. The measured variation in photo-current if as a function of luminous flux L (or

illumination E) for white, red, green and blue light (curves W, R, G and B), the applied
voltage having been kept at a fixed value. In contrast to conventional vidicons, in the “Plum-
bicon™ L and ir are roughly proportional (3 ¢ 1) for all kinds of light. Curves R, G and B
were obtained in the same manner as the corresponding curve. in fig.11. They have been
plotted against the luminous-flux values for white light, i.c. the flux incident on the tube
before the filter was interposed.

cally in fig. 13. Plotted on
log-log paper, this func-
tion appears as a straight
line; thatis to gay,itcanbe




1963 /64, No. 6/7

It has been found that tubes made in the same
way show very little spread in sensitivity, the widest
variation being of the order of 10 pA/lm. Another
point of interest is that higher sensitivity values can
be achieved, where necessary, e.g. 400 pA/lm, by
modifying the deposition process or by depositing
a thicker layer of PbO.

When sensitivity to different kinds of light is
measured, y still has a value around unity.

The spectral sensitivity distribution

It has already been pointed out that PbO does
not absorb different kinds of light to the same de-
gree. The shorter the wavelength, the higher is the
degrec of absorption; roughly speaking, blue light is
almost completely absorbed after passing through
the first 5 pm of PbhO, but quite a high proportion
of red light passes right through the target ( fig.14).
Clearly, then, the spectral sensitivity of the target
can be varied between rather wide limits: a higher
relative sensitivity to red light can be obtained by
making the I layer thicker; maximum sensitivity to
blue can be obtained by making the N-type layer
as thin as possible, and by ensuring (for thereasons
explained above) that there is no field-free region in
the part of the I layer directly adjoining the NV
contact.

50

25

6 5 70 75 20

—_—

1
25pm

Fig. 14. The ahsorption of monochromatic light of different
wavelength by PbO, The variation of the intensity I is plotted
against the distance y the light has travelled.

The upper limit to the range of wavelengths with-
in which the tube is sensitive is roughly the same as
that for red PbO. A band gap of 2.0 eV corresponds,
as already mentioned, to a cut-off at 6200A. The
lower limit depends on the thickness of the IV
* layer and the distribution of potential in the neigh-
bouring part of the I layer. (The upper limit can be
shifted to considerably longer wavelengths, without
cooling being required, by making the target of a
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material having a smaller band gap. See the article
quoted in 1).)

Fig. 15 shows the spectral sensitivity distribution
of two tubes whose PbO targets were intentionally
made in a different way. The dashed line represents
the response of the human eye. Curve 1 is that of a
tube whose PhO target was made by the standard
process. By modifying the process to reduce sensi-
tivity to blue — and possibly increase sensitivity to
red — the peak of the characteristic can be shifted
towards the right. It is even possible to shift it to
the right-hand side of the response curve of the eye
(curve 2).
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Fig. 15. The spectral sensitivity distribution of two tubes of the
“Plambicon”’ type. The thick dashed line represents the spec-
tral sensitivity of the eye. Curve I is that of a tube whose PbO
target was made by the standard proeess. The peak of the
curve can if desired, be shifted to the right (curve 2), to the
other side of the eye sensitivity curve,

Since the (standard) “Plumbicon™ has a spectral
sensitivity distribution much closer to that of the
human eye than the corresponding characteristics of
the ordinary vidicon (Sh,S;) or the image orthicon
(Ag-Bi-0-Cs), it requires no filters when used in
monochrome television, yet gives a far better grada-
tion of colours than the tubes just named. Also for
colour television the somewhat smaller sensitivity
to red of the “Plumbicon™, compared to the human
eye, does not appear in practice to be a serious
objection 2), In such a case, however, a tube with
greater sensitivity to red offers a solution ).

Resolution

A light-to-dark transition in the image of the scene
projected on the window is not reproduced in the
video signal with exactly the same abruptness.
Apart from the properties of the electronic equip-
ment to which the pick-up tube is connected, and
the properties of the electron beam — factorswe
shall not be discussing here — this is due to the fact
that the corresponding transition in the charge image
formed on the free surface of the photoconducting
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layer between two seans is less sharp. Two effects
are responsible for this: in the first place a certain
amount of the light is scattered in the target, and in
the second place some transport of charge takes place
in the PbO parallel to the target surface (cross-
conduction), The latter effect can be subdivided into
eross-conduction in the P layer and eross-conduction
in the T layer.

It was found that the lack of definition caused by
bluelight is much less than that caused by red. If the
target thickness is reduced, blurring of red outlines
becomes less but that of blue remains the same. The
reason will be clear if it is remembered that blue
light does not penetrate so far into the target as

does red ( fig.16).

A
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Fig. 16. PbO has a lower absorption for red light than for blue,
and consequently the seattering of red light has a more adverse
effect than that of blue on the resolving power of the PhO
target. The shaded areas indicate, schematically, the extent of
the zones penetrated by the diffused light originating from one
narrow beam (R and B resp.).

A certain amount of diffused light escapes from the target
by way of the front face of the target. but is then reflected back
by the front face of the glass window: it is again the less rapidly
absorbed red light (R’) that is mainly responsible for the contri-
bution of this effect to the loss of definition.

Consequently from the standpoint of definition it
is desirable to make the target as thin as possible.
As we have seen, this will involve a reduction in sen-
sitivity to red light; furthermore, the capacitance of
the target will be increased and, for reasons which
will be explained below, only a limited increase in
target capacitance can be accepted. Thus there iz
not complete freedom of choice of the target thick-
ness. (The difficulty disappears if the PhO is replaced
by a basic material with a much greater absorptivity
for red light 4).)

Cross-conduction in the P layer can naturally be
limited by making the layer as thin as possible; and
further, the less the doping of the layer, the less
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eross-conduction there will be. However, as we have
seen, if the layer is too lightly doped the dark cur-
rent will be excessive. Also, as will be explained
below, from the viewpoint of service life it is advan-
tageous to make the Player thick and dopeitheavily.
Accordingly, here again the choice is not entirely
free.

Cross-conduction occurs in the I layer when,
owing to insufficient purity of the material, this
layer contains a “field-free” zone. In such a zone
the charge-carriers are liable to fan out instead of
crossing the layer by the most direct route. This does
not matter if the charge-carriers in question are elec-
trons, since the point where these arrive on the signal
plate has no bearing on the resolving power. But the
place where the holes arrive is of course important:
a hole that has not crossed the target by the most
direct route alters the distribution of potential on
the free target surface in a way that does not corre-
spond to the light pattern of the broadcast scene. So
from the viewpoint of resolving power also, it is
desirable that the I layer be as pure as possible.

Before the values of resolving power relevant to
the “Plumbicon” are quoted, first a word about how
this resolving power is expressed in figures. Suppose
that a pattern like that in the upper half of fig.17 is
being projected on the screen of the tube. Thepat-
tern consists of alternate vertical light and dark
stripes of the same width. In some parts of the screen
the width of the stripes is such that 20 light-and-
dark pairs would completely fill the picture height
(in the language of the television engineer this is
called 40 “lines™): elsewhere this number is 200 (400

T
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Fig. 17. Explanation of how the resolving power of a television
camera tube is expressed in figures. A pattern of alternate light
and dark vertical stripes, some having a breadth of 1/40th of
the picture height and others a breadth of 1/400th of the picture
height, is projected on the screen. This pattern is scanned in
the direction of the dashed line. The broad and the narrow
stripes give rise to alternating voltages with fundamental fre-
quencies of 0.5 Me/s and 5 Me/s respectively. The ratio between
amplitudes a and b, expressed as a percentage, and known as
medulation depth, provides the required measure for resolving
power.
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“lines”). If an electron beam scans the correspond-
ing charge image in the direction of the broken line,
the signal current (fig.17, lower half) will have the
form of an alternating current with fundamental
frequencies of 0.5 and 5 Me/s respectively (in the case
of a 625-line system with a frame period of 1/25th
second). Parts of the signal current corresponding to
the broad dark stripes will have approximately the
dark-current valae, but the narrow dark stripes will
give rise to higher current values. Parts of the signal
current arising from the broad light stripes will have
the same value as if the window were illuminated
over its whole surface; the narrow stripes will yield
lower current values. Let the letters a and b denote
the difference between the light and dark values of
iz in the region of fast and slow alternations respec-
tively. The ratio a/b expressed as a percentage, and
known as the modulation depth, is commonly adopt-
ed as a measure of resolving power.

A more detailed impression of the tube proper-
ties is obtained if, instead of restricting the measure-
ment of a to a pattern with 400 lines per picture
height, the variation of afb is investigated when a
number of patterns with different stripe breadths
are used. An example of this kind of measurement,
done on a random-selected tube of the “Plumbicon™
type, is shown in fig.18. It will be noted that at 400
lines the tube under investigation had an a/b ratio

100%
a/b
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Fig. 18. A detailed description of resolving power can be obtained
by plotting the variation in a/b against the breadth of the
narrow stripes in the pattern appearing in fig. 17, the stripe
breadth being expressed as the number n of black-white pairs
of such stripes that would be required to fill one picture height.
The figure shows the results of measurements done with white
light on a random-selected tuhe of the “Plumbicon™ type
having a PbO layer 20 pm thick. As is inevitable, the ancillary
equipment causes some interference; so normally such measure-
ments give a figure that is lower than corresponds to the real
performance of the tube. By adopting a very careful procedure,
the difference is here reduced to a minimum.
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of about 45%,. In general a/b is found to be not less
than about 35%,.

Speed of response

When a sudden change oceurs in the luminous
flux incident on the photosensitive layer of a pick-up
tube, the signal current does not immediately reach
its new equilibrium value. When the target of a
tube undergoes the variations of illumination shown
in fig.19a, in the signal current the forms of response

- [ k=l 1 .-
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Fig. 19. The various forms of delayed response which, in prin-
ciple, a “Plumbicon™ may exhibit. In a good tube they are too
slight to cause any trouble, and some are absent altogether.
Diagram (a) shows the programme of varying intensity of
illumination presented to the tube: the light is switched on,
decreased in intensity after an appreciable time has elapsed,
then brought back to its full intensity and finally switched off.
The varions forms of delayed response are represented in dia-
gram (b). They are: 1) black-white inertia, 2) black-white trail-
ing (a slight inerease over a long period), 3a) and 3b) inter-
mediate inertia, 4) intermediate trailing, 5) persistence (which
may alsa manifest itself in attenuation of the signal), 6) white-
black inertia, and 7) white-black trailing. Instead of effects
(1) and (2) the tube may exhibit, see diagram (c): 8) fatigue and
9) fatigue trailing.

illustrated in fig.19b may be encountered. The names
that we have given these inertial effects may be
found in the caption to that figure.

From the practical point of view one of the most
important forms of response is “intermediate in-
ertia”. (Inertia effect occurring when the light in-
tensity changes from white to grey or grey to white.)
Black-white inertia only becomes noticeable under
the most unfavourable conditions, and white-black
trailing can be compensated electrically. Intermediate
inertia is always fully manifest in the reeeived pic-
ture, however, and the same applies to persistence
and fatigue effeets.

All the above forms of response can be regarded
as resultants of two components, that are due to
1) the electron beam being incapable of supplying an
unlimited amount of charge during the brief time in
which it is directed on a given picture element; this
component is accordingly called beam-curreni- or
discharge lag, and 2) the presence of traps in the
I'layer. In the “Plumbicon™ the contribution made
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by both these factors have been reduced to a satis-
factorily low level.

Both the discharge lag and that due to the pres-
ence of traps decrease with inereasing target voltage
U, although it should be observed that no further ap-
preciable inerease in the speed of response is achieved
above a certain value of the applied voltage. The
tracesin fig. 20 show this effect. It willbe noticed that
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sion. The initial rise (¥ low) is due to the fact that
the electrons leaving the cathode do not all have the
same velocity in the axial direction, the axial compo-
nents of velocity having a quasi-Maxwell distribu-
tion. To a good approximation, the rising portion of
the curve can be described by an expression of the
form i, = aeb®, where a is a constant connected
with the beam-current and b is inversely propor-

Fig.20. The response of a randomly selected “Plumbicon’ tube at four values of U, the voltage across the PhO target. At the
relatively low U value of 30V the response of the tube is already quite fast, and there is scarcely any persistence. The traces
were obtained by illuminating the top half of the screen only, so that the signal current consisted of a train of pulses spaced
at intervals of 1/50s (half a frame period because of the interlaced scanning). The programme of illumination was equal to
that of fig. 19 and began in each case with a dark period lasting one minute, At the points 1, 2 and 3 the reading was interrupted

for 10, 10 and 30 seconds respectively,

the highest speed of response is attained at the rela-
tively low U value of 30V, This speed of response is
very satisfactory; the change in signal level result-
ing from a transition from strong to less strong illu-
mination (and involving intermediate inertia) is
95%, complete after only 3/50ths of a second.

The discharge lag

When we were discussing how the potential of the
free surface of the PbO target adjusts itself to an
equilibrium value, we found that the current flow-
ing towards that surface was dependent on its po-
tential ¥V (fig. 3). The deflection and subsequent fall-
off in the curve of current versus potential was
explained as aresult of an increase in secondary emis-

tional to the cathode temperature; @ differs from 7
by a small constant amount.

Over the range of illumination values within
which 7 remains small and the above formula accord-
ingly remains valid, the discharge lag has the follow-
ing properties:

1) It is independent of the beam-current.

2) Itdecreases with decreasing target capacitance C.
3) When the light intensity drops, the higher the
new intensity the shorter the discharge lag.

4) The lower the cathode temperature, the shorter

the lag.

Property (2) explains why the discharge lag ini-
tially decreases as voltage U is increased. At low U
values the I layer contains a field-free region which,
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in effect, forms part of the adjoining contact, This
region becomes narrower and narrower as U in-
creases. Comsequently the distance between the
eapacitor “plates” becomes greater and the target
capacitance decreases, giving a shorter discharge
lag: see formula (2).

At higher intensities of illumination, correspond-
ing to the region in which the iy versus V curve
starts to change direction, (1) ceases to apply: the
discharge lag decreases with increasing beam-cur-
rent when the light level is high. Property (2),
relating to the low target capacitance desirable, is
retained at high intensities of illumination; proper-
ties (3) and (4), for obvious reasons, are not.

In practice, for the decrease of the discharge lag,
only the decrease of the target capacitance canbe con-
sidered. If a time constant shorter than ahout 1/25th
of a second is required for the response to a change
from dark to light (to a moderate intensity of illumi-
nation giving rise to a photo-current of 10-% A, say),
then the target capacitance must not exceed about
2000pF. Also at high intensities of illumination the
discharge lag will continune to be negligibly short,
provided it is possible to keep the target capacitance
below 2000 pF.

These requirements can be fulfilled very comfort-
ably with a target having the P-I-IV structure de-
scribed above. For example, suppose that the PhO
layer is 10pm thick and that it has an I layer so
pure that it contains no field-free region at the U
values employed in practice —when discussing sensi-
tivity we saw that this degree of purity can actually
be attained — then the target will have a capaci-
tance ranging from 1000 to 1500pF.

The four properties of the discharge lag at relatively low
illumination levels, as listed above, can be inferred from the
following. As before, we shall first assume that the beam is
supplying charge continuocusly. The behaviour of ¥V, the po-
tential of the free surface of the target, is in accordance (cf.
figs. 2b, 3, 4 and 5) with the differential equation

%f = %(if —ia)-
(The whole target is imagined to be evenly illuminated; but
the above equation applies equally to a single picture element,
the capacitance C and the (negative) charge supply then being
smaller in the same proportion.) Further:

o= aeb'ﬁ .
Now suppose that a change in illumination abruptly raises the
photo-current igfrom the value i, to the value i,; the problem is
to ascertain how t,, initially equal to i, arrives at its new value
of iy
On solving the above set of equations and eliminating ¥, we
obtain:

RS B EPAETY e R
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The four properties can be direcity inferred from this formula.
It can be shown, namely, that (6) remains valid when the fact
that the beam supplies charge in surges is taken into account.

Just as there is, as we have seen, an upper limit
to the capacitance of the target, there is alse a
lower one: to prevent the oncoming electrons from
being excessively deflected by the charges on the tar-
get, the potential V" must not vary over toe wide a
range during a frame period. Suppose for example
that a limit of 10V is placed on the variation of
and that a photo-current of up to 10-7 A is required,
then C must not be smaller than about 800pF.

The capacitance of the PbO layer in the “Plum-
bicon™ has, it appears, a value such that on the one
hand the lag is sufficiently short and on the other
hand the influence of the electron beam on neigh-
bouring picture elements can be neglected. The sig-
nal given by a picture element depends solely upon
the intensity of the incident light, and is independent
of its position, of its history, and of the situation in
the surrounding picture elements. This is why the
tube is so very suitable for colour television ).

Lag due to traps

Let us now go a little more deeply into the type of
inertial response caused by traps. It is known from
photoconductor theory ?) that the presence of traps
does not in the first instance affect the relationship
between intensity of illumination and the steady-
state electron concentration in the conduction band,
or similar relationship; it does however have a bear-
ing on the speed with which a new situation super-
venes when the intensity of illumination is altered.
Generally there are many more electrons in the
traps thanin the conduction band, the respective con-
centrations being ¢; and ¢, (much the same thing ap-
plies to the holes). If the illumination E is increased,
with a consequent increase in ¢, the ¢ /e, ratio must
nevertheless remain the same, and this implies a
large absolute increase in the number of trapped elec-
trons. Initially the demand is largely supplied by elec-
trons liberated by the light incident on the target;
¢, cannot therefore jump directly to the value corre-
sponding to the changein E. The ¢, /c, ratio is propor-
tional to N, the concentration of traps; the greater
N, is, then, the greater will be the (absolute) devia-
tion of ¢, at a given time after the increase in K.
Similar reasoning applies if E is reduced: when this
happens a large number of filled traps have to “dry
out”, and the higher the concentration of such
centres, the greater will be the absolute deviation
of cg.

Since the concentration in the conduction band
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falls off with increasing U, it is understandable that
these inertial effects should become less noticeable
at higher values of applied voltage.

Apart from these direct consequences of the pres-
ence of traps, which will not be further analysed, the
traps have an indirect effect which at low U values
may be clearly manifest in the response of the tube.
The capture of charge-carriers in traps can modify
the curvature of the energy bands in the I layer
so drastically that the characteristics of the tube
are affected. Any such modification is purely tem-
porary, of course, beginning subsequent to a change
in E and proceeding at the same rate as the estab-
lishment of a new value of space charge (c.-|-¢,),
so that for the observer it has the character of an
inertial effect, We shall now look a little more deeply
into this effect; for simplicity we take as an exam-
ple the phenomena of fatigue and black-white inertia.
To obviate misunderstanding it should be pointed
out thdt in the discussion which follows, cases will
only be considered in which the applied voltage U
is chosen so small that a ficld-free region is present
in the I layer.

Fatigue, a slow decay in photo-current following
an abrupt increase, occurs because charge-carriers
are trapped in such a way that the field-free region
expands. Here a distinction must be made between
cases in which the I layer is slightly N-type, and
those in which it is slightly P-type.

As we have seen, if the I layer is slightly N-type
there will be a field-free zone on the N-layer side
when U is small, In consequence of hole capture
this zone widens (sce Jfig. 21a) with the result that the
sensitivity of the target is modified, particularly its
sensitivity to blue.

If the I layer is slightly P-type there will be a
field-free zone on the P-contaet side, which widens
owing to electron capture (fig. 215). This affects the
tube’s sensitivity to red light.

Under normal operating conditions U is high
enough to eliminate the field-free zone or at least to
reduce it to such small dimensions that the effects
just described are of little importance.

In the case of black-white inertia there is, in addi-
tion to the direct effect of charge-carrier capture, a
side-effect that is the opposite of that Jjust discussed;
here the field-free zone shrinks, causing the sensitivity
of the target to increase (see Sfig. 22).

It will be clear that the properties of a tube in regard to speed
of response allow conclusions to be drawn about the nature of
the I layer. If for example the tube exhibits both fatigue and
black-white inertia, this is an indication that both kinds of
charge-carrier are being trapped, though the probabilities of
capture are different for the two types.
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Fig. 21. To explain “fatigne”.

Finally, it must be pointed out that there is vet
another form of delayed response which is likewise a
consequence of a change in the curvature of the
energy bands but, in contrary, becomes more pro-
nounced as U increases. This effect occurs in old
tubes when, on account of long use. the P contact
ceases to have an adequate blocking action. In such
a case hole capture lowers the height A4 of the bar-
rier to a point such that it no longer prevents the
flow of current. So long as the target is illuminated
and a relatively heavy photo-current continues to
flow, this component will not be noticed; but it per-
sists when the incident light has been removed, until
the captured holes have left the traps. This “stimu-
lated dark current” (one type of white-black trailing)
is quite unacceptable and its occurrence is an in-
dication that the tube has reached the end of its
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Fig. 22. To explain “black-white trailing™.

service life. In the next section we shall see why the
P contact deteriorates in this way.

Constancy of tube properties; service life

Any variation in the properties of a tube of the
“Plumbicon” type in course of time is the result
of the changes that take place in the PbO target.
‘We shall review the most important of these changes
and, amongst other things, explain how they ulti-
mately make the tube unserviceable.

The changes in question are caused in the first in-
stance by the diffusion of excess oxygen in the PhO
target. As a result, small irregularities in oxygen con-
centration in the P and I layers are to some extent
evened out. In addition, the transition between the
P and I layer becomes less sharp. The evening-out
of irregularities in the I layer naturally gives rise to
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a more uniform fall-off of potential through the
layer, and hence to greater sensitivity and a faster
response. More important than internal oxygen mi-
gration — at least from the viewpoint of service
life — is the owverall lpss of oxygen from the PhO
target. Oxygen in gaseous form cannot remain free
for long enough to build up any pressure within the
tube; it immediately combines with a barium getter,
or with residual gases, and in these circumstances the
PbO slowly decomposes, The Player, because it is at
the free surface side of the target, is the one most af-
fected, But owing to the porous nature of the target
the regions more remote from the free surface, and in
particular the I'layer, gradually lose oxygen too. The
oxygen loss of the Player is accelerated by ion bom-
bardment while the tube is in operation. Further, it
is possible that the P layer loses some oxygen by
electrolysis within the PbO.

One consequence of this removal of oxygen is that
the P layer loses some of its P-type conductivity;
the same applies to the I layer which, it will be
remembered, is also to some extent P-type. It will
now be clear why, forlong service life too, it is advis-
able to make the I layer slightly P-type. In conse-
quence of oxygen loss a truly intrinsic I layer would
gradually become N-type, which as we have seen
would not be altogether desirable.

The decrease in the P-conductivity of the P
layer is no disadvantage in the first instance; from
one point of view it is even the reverse. The decrease
of conductivity also cuts down cross-conduction, of
course, so improving the resolving power of the tar-
get. In the long run, however, the height of the bar-
rier is reduced to such a point that the tube starts
to exhibit the form of sluggish response (“stimulated
dark current”) discussed at the end of the preceding
section; at a later stage the normal dark current also
becomes excessive. When this happens, the tube
has come to the end of its service life,

YVery occasionally a tube becomes unserviceable
because of the sudden appearance of a white speck
in the received picture, The cause is again an exces-
sive dark current, but here it is restricted to a small
part of the target area. Speckling will be discussed
in the next section.

Fig. 23 is a plot of a number of tube properties
with respect to operating time. It will be noted that
the overalllife of the tube fallsinto two distinct parts.
The earlier period is one of rapid change; a sort of
“forming” process takes place. During this time the
tube remains in the factory. The tube is ready for
use as soon as it has entered the second phase of its
life. From then on the quantities determining
serviceability remain more or less constant for a
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Fig.23. Changes in various tube characteristics and in the ca-
pacitance of the PbO target, measured on a randomly selected
tube of the “Plumbicon™ type, during the first 1000 hours in
operation. @) Resolving power, shown as the number of lines
that can just be resolved by the eye (the corresponding a/b
ratio — see fig. 18 — is roughly 59%,). b) The sensitivity of the
tube. ¢) The intermediate inertia, expressed as the proportion
of the required change in signal current that has still to take
place after a lapse of 3/50 s following an abrupt change in illu-
mination. d) The dark current. ¢) The capacitance C of the PhO
target.

rlgnitially, the characteristies of the tube under test changed
considerably — a normal feature of the “Plumbicon’’: the tubes
remain in the factory during this early phase of their life.
Thereafter their characteristics show a high degree of stability,
8s can be seen from the diagrams.

lengthy time (sensitivity and resolving power) or
increase extremely slowly (dark current and the
various forms of sluggish response). The most direct
evidence of the changes that take place in the target,
early on in the life of the tube, is obtainable from the
curve of target capacitance as a function of time
(fig. 23e). Since the target capacitance is inversely
proportional to the effective thickness (see eq. 2),
the variation in effective target thickness during the
life of the tube can be determined directly from
capacitance measurements. By the same means it is
also possible to investigate how target behaviour is
affected by changes in U or in the intensity of illu-
mination.
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Speckling

It has been stated that the PhO target can be

regarded as a large flat P-I-N diode; alternatively,
since there is little eross-conduction, it can also be
viewed as an aggregate of small diodes lying side by
side corresponding to the picture elements. To obtain
a good picture at the receiver it is necessary that all
these little diodes should be roughly similar. Tf there
is one picture element with properties differing
greatly from those of the others, it will be visible as
a speck in the received picture, Depending on the
nature of the defect, the speck may be light or dark,
sharp or diffuse, and of constant or variable luminous
intensity. If the brightness variation is periodic the
speck is said to “twinkle”. We shall now briefly
review the commonest defects and the kinds of
speck they give rise to.

1) Regions of high local P-conductivity occur in the
I layer, such that the fall-off in potential is very
steep near the IV contact, with the result that the
barrier is extremely narrow. Thus a strong dark
current flows and a white speck is produced. This
strong dark current can be the cause of an “ava-
lancheeffect” owingtotheveryhighfield-strength,
or of the tunnel effect: if the barrier is very small,
a hole in a conduction-band level of the IV region
can be moved by the tunnel effect to the I region,
and there appear in an equally high level of the
valence band (see fig. 24). With regard to the
avalanche effect it is very conceivahle that the
dark current can periodically vary in strength.
In this case the speck “twinkles”.

2) Asimilar situation arises if parts of the I layer
have a relatively high N-conductivity; but now
it is the P-layer side that is affected. The dark
current resulting from the tunnel effect is now
not a hole but an electron current.

3) Inadequate doping of a part of the P layer. This
part of the target will have a much shorter life
than the rest. A heavy dark current will soon
start to flow there, producing a white speck in
the received picture and making the tube un-
serviceable,

4) Excessive thickness of the Player in a part of the
target (for example, because it has been doped
excessively). Accordingly, the I layer is then too
thin in the affected target area, and here the
sensitivity — particularly sensitivity to red —
is less than it is elsewhere in the target. The
result is a dark speck in the received picture.

5) Excessive thickness of a part of the N layer. The
result is again a local loss of sensitivity giving
rise to a dark speck, but it is now the blue sensi-
tivity that is mainly affected.




1963/64, No. 6/7

The defects listed above are essentially irregulari-
ties in the multilayer structure of the target; in addi-
tion, defects of a purely mechanical nature — due
for example to the presence of a dust particle — are
also possible.
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Fig. 24, To explain the occurrence of a strong dark current of
holes, when the inner sublayer contains a limited region of
high P-conductivity. The barrier ¢an then be =0 narrow that
tunnelling is poszible (see arrow).

By arranging for fabrication of the tube under
carefully controlled conditions in dust-free rooms,
each part being subjected to rigid inspection, it has
been possible to eliminate most of the causes of
these defects, and the PbO targets now being pro-
duced are accordingly of consistently high quality
in regard to freedom from speckling.

Summarizing the properties of camera tubes of the
“Plumbicon™ type, as discussed above, we can say
first of all that the multilayer structure of the target
leads to a very small dark current and to a much
higher sensitivity than is obtainable with a simple
P-N junction, In addition, it is possible by suitably
choesing the individual lay‘cr parameters to give
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the tube an excellent spectral sensitivity distribution,
a very good resolving power and a high speed of
response. The “Plumbicon™ has made it a practical
proposition to build small, lightweight television
cameras with very good properties.

We have also seen that there is scope for a fairly
wide range of variations on the basic design: some
properties, such as the spectral sensitivity distri-
bution, can be modified quite drastically without
severe interference with the others. A further wide
range of possibilities becomes available when the
basic material PbO is abandoned in favour of PbhO-
containing material having a band gap smaller than
2.0eV ).

In virtue of all these opportunities for varying the
characteristics of the tube it is possible, for example,
to make pick-up tubes of the “Plumbicon” type that
possess a very high resolving power together with
high sensitivity, qualities desirable in medical appli-
cations when the tube is used for radiological exami-
nation; or to make tubes combining high sensitivity
with long service life and a reasonable speed of re-
sponse, the qualities desirable in industrial closed-
circuit applications and in traffic control at night;
or to make tubes which, without any sacrifice of stu-
dio requirements for equipment to be used in live
broadcast television, are eminently suitable for in-
corporation in colour-TV cameras.

Summary. The “Plumbicon™, a new television pick-up tube, is
a kind of vidicon whose photoconducting target is built up of
micro-crystalline PhO. This PbO layer consists of a P-vype sub-
layer at the gun side, an intrinsic sublayer (I} and possibly a
thin N-type sublayer next to the signal plate, The signal plate
is made from N-type Sn(},. The PbO layer and the signal plate
form a unit having the properties of a P-1-/¥ diode: the P-type
sublayer hinders the entrance of electrons to the [ layer, the
signal plate (or the N-type sublayer) hindering the holes. When
the tube is in operation this P-1-NV diode is reverse-biased; the
dark current (i.e. the inverse eurrent tl:.ru%h the diade) is
therefore very small. The sensitivity of the tube, which is de-
termined by the thickness of the N and I layers and by the
distribution of potential through the I layer, can exceed 200
1A [lm;its spectral sensitivity ean be matched to the human eye
more elosely than is the ease for existing camera tubes, but this
characteristic can be modified within wide limits. The thinner
the IV-type sublayer, the greater is the sensitivity of the target
to blue light. Its overall sensitivity increases with the thick-
ness of the I layer. Gamma is close to unity. Resolving power
and speed of response are excellent (the depth of modulation is
is about 359, at 400 lines; response time approx. 3/50th of a
second). The “Plumbicon’ has a longer serviee life than other
studio-quality tubes. On all points important in television
broadcasting the “Plumbicon™ equals or betters existing tubes,
and above all when it is employed for colour TV. The tube’s
more important properties can be drastically modified without
prejudicing the others, and because of this it is possible to make
versions that are specially suited to widely divergent applica-
tions. A further wide range of designs becomes available if the
basic target material is replaced by Ph(-containing material
having a smaller band gap (minimum 0.9 V).




