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PURPOSE

To investigate the physical aand structural properties of phbotoemitting
materials, to study and develop processing procedures for producing improved
photocathodes, and to investigate the possibilities of field induced photo-

emitters.

ABSTRACT

Sb-films evaporated from PLSL-beads have higher conductivity and
lower light transmission than films evaporated from pure Sb-beads. They also
can be vxldized. 8-20 cathodes formed on oxidized Sb-films and subjected to
a Na-Sb alternation at 220°C have shown higher infrared response than any
earlier cathodes.

Attempts to produce §-20 cathodes by simultaneous deposition from
molecular beam sources yielded a multi-alkalli cathode of low sensitivity.
Preliminary experiments on improved molecular beam sources and a control
clrcult have been made.

The modified reflection electron diffraction tube has been success-
fully tested using gold as a sample materfal.

Preliminary data concerning the structure of 8«1 cathodes has been
obtained by electron diffraction studies, The results indicate that rhe
finished cathode contains 0520 or a phase closely related to 1t. The presence
of other phases is also possible.

Apparatus L[or vapor etching and diffusion of Ge p-n junctions for

fleld Induced photocmission has been completed.
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1. PROCESSING OF S5-20 PHOTOCATHODES

A. Introduction

In the previous Quarterly Report, lnitlal experiments were described
concerned with the new RCA-Lancaster process of activating $-20 cathodes on
an oxidized antimony substrate. This study was continued and the earlier
finding was confirmed that the new process actually involves two changes from
standard procedure in that the antimony film, even before oxidation, differs
from conventional antimony deposite because it is evaporated from a Pt8b-
as distinct from an Sb-bead. In addition to thede two new processing parameters,
experiments were also made with a new method of introducing sodium by alterna-
tion with antimony at high temperature.

By adding the three above-mentloned processing variables to the
many existing ones, the number of possible combinations has ilncreased to such
an extent that it has become practlcally lmpossible to adhere to the basic
principle of experimentation, viz., thdat not more thau one variable should be
changed in any one experiment. As a vesult, the conclusions that can be drawn
from the twenty-one experimental tubes made during the past quarter are still
ambiguous in many respects; however, definite progress has been made ix extending

the long wavelengih regponse of 8-20 cathodes. The experiments to be described

T MR R AN

below show that under certain conditions the long wavelength threshold can be
extended beyond any previously observed values,

Superimposed on this effect of threshold extension 18 the previously
investigated effect of improving leng wavelength responge at the expense of
blue response by using thicker cathode {ilms which absorb more long wavelength
radiation, Whereas the [first effect seems to represent a pgenuine extsusion
of the threshold wavelength, the thickness increase, as onc would expect, only

rends to increase the quantum officiency at a given wavelength, Thus, for
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applications where the responsc above, say, 8000 % is the main consideration,
improved performance can be obtained by greater thilckness of the cathode, even
though the blue response and the microamperc-pet -lumen value may be reduced.
To sum up, in the experiments to be reported below in detail, the following
four parameters were examined:

(1) Effect of Sb-substrate.

(2) Effect of oxidation of 8b,

(3) Alternating cvaporation of Na and Sb at 220°%.
(4) Thickness of cathode film,

As explained above, it was often unavoldable to vary more than one
parameter in one particular tube; hence, a description of individual tubes
would be confusing., The followlng report will discuss the four stated parameters
geparately, although the same tube may have been used to check more than one of

these parameters.

B, Processing Experiments

1. Antimony Substrate

Ir was suggested in the last report that Sb may deposit in the form

ol single atoms when 1t is cvaporated from PtSb beads, in contrast to the Sbl,+
molecules known to be produced when elementary antimony I8 evaporated., The
main differences in the depoaits ware the low resistance of the deposit produced
from PtSb and the ease wilith which this deposit could be oxidized in a glow
discharge. FEvery tube made during the present quarter conflirmed these two
features. The following experiments were made to gain more information about
the difference between the two types of Sb deposit,

(a) Attempts worce made to oxldize ©b depnslts by heatiag thew in the
presence of oxygen. In tube S.1527, 5b was evapcrated from PtSh to 85% light

R ; O o .
transmission. The deposit was baked to L607¢C. The resistance between two




contact strips was 10['l ohms at this temperature. On introducing oxygen to a
pressure of approximately 0.1 wmm Hg, the reaistance lmmediately rose to a
value beyond the measuring range ('>108 ohms) and the light transmission
Increased to practically 100%. Both effects clearly indicage that the Sb
film was completely oxidized.

The same experiment was performed with an 8b deposit produced from
an Sb-bead. In this case, the resistance, even at 16000, was too high to be
measurable, the usual experience with 8Sb-bead filqs of this thickness., On
introducing oxygen, the light transmission did not change, These results
indicate that the effect of oxygen at high temperature is the same as that
of the oxygen discherge, i.e., Sb evaporated from Sb cannot be oxidized
vwhereas Sb from SbPt can be oxidized.

(b) Sb-films of identical light transmission were deposited from Sb and
S5bPt beads on carbon fllms for electron microscope and electron diffraction
studies., These stﬁdies (carried cut hy Messrs, M. D. Coutts and W. C. Roth
of the Laboratories Materifals Analysis Group) are not yet complete, but the
preliminary results are so clear-cut that they can be reported at this time,
‘fhe electron microscope plotures show that the film produced from SbPt consists
of extremely small particles (llnear dimensions of the order of 35 X) which
are so uniformly distributed that hardly any structure can be detected, The
f1ilms from Sh-beads congist of much larger particles (linear dimension of the
order of 350 K) which are clearly separated from each other, Initlally, the
electyon diffraction pattern of films deposited from SbPt-beada is that of the
so-called amorphous form, but crystallization sets in rapidly under continual
electron bombar dment.

These resulfs suggest the [ollowing interpretaticn of the resistance

and oxidation effects: The films from Sb-beads have immrasurably high resistance
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because they consist of separate particles. On the other hand, the films
from SbhPt-beads are sufficiently continuous to be conducting. It 18 also
plausible that the films consisting of smaller particles are more readily
oxidized., Moreover, the smaller particle size, though no poaitive proof,
agrees well with the assumption that Sb evaporates in the atomic form from
SbPt -beads.

(¢) Since the particles evaporated from Sb-beads are separated by

distinct gaps, one would expect that for equal amounts of Sb per cm2 the

light trensmission should be greater than for the continuous films from 8bPt,

Conversely, for the same light transmission, films evaporated from ShPt should

contain less Sb per cm2 than films evaporated from Sb. To test this conclu- i
sion, & cylindrical tube (8.1550) with two parallel windows was made as shown
in Fig. 1. A moveable semicircular nickel mask could be placed by means of

a magnet so as to cover either one or the other half of the window. 8b was

evaporated from am Sb- and an SbPt-bead, respectively, on the two halves to

exactly the same light transmission of 70%. (As the photograph shows, the two
areas actually overlap over a small sector.) The Sb-films were then simultane-~

ously activated with Cs to form a conventional Cs. Sb cathode. As had been

3
expected, the cathode area formed with the S5hPt-bead looked considerably thinner
than the other half because it contained a smaller amount of Sb per cmz. This
conclusion was confirmed by the fa-t that the area deposilted from SbPt had
considerably higher white and blue, but equal red, response in egreement with
the often-discussed fact that for semitransparent cathodes thinner layers are
more efficlent in the short wavelength range where the absorption of Cs3Sb is
very high. A more quantitative determinarion of the thickness ratio of the

two cathode halves as well as the detailed findings of the electron microscope

and diffraction studlies will be roported in the next quarter,
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Electron diffraction studies wore made in this ILaborarory using the
transmission electron diffractlon appavatus designed for observing photocathode
formation. Since the films could be evaporated and examined without breaking
vacuum, this eliminated any effect of superficial oxidation which might have
been present in the samples given to the Materials and Analysis Group, How-
ever, the results of our diffraction study are in essential agreement with their
conclusions, We found that in no case was it possible to crystallize by elec~
tron bombardment a layer of Sb whose light transmission was greater than 60%
which had beeun evaporated from PtSh. In contrast, layers of Sb evaporated
from pure Sb were crystalline or became crystalline under beam annealing with
light transmittances as high as 85%.

Our observations are then compatible with the statements made above
concerning the relatdve thickness of the two types of £llms having the same
light transmittance since it has heen observed1 that a threshold thickness must
be reached before crystallization takes place. Under normal conditions, this
threshold value is about 180 &, However, it appears that under the special
conditions of electron bombardment, this value can be considerably smaller
but the threshold effect i8 still present,

(d) One experiment (8.1535) was made to determine whether an Sh-deposit
evaporatedfrom an Sb-bead would change at high temperature te the more continu~
ous modification. The film was therefore heated to 27000, the highest tempera-
ture compatible with the vapor pressure of antimony, but there was neither a
viau&i change nor an increase in conductivity, indicating that the structure
of the film had not changed, It is8wovthnoting that subsequent 8§-20 activation
did not rhow any effect,beneficial or detrimental, of the high temperature

treatment,

1. E. Ruedl, Vacuwum 7-8, 56(1958).




As far as the currelgtion of the Sb-film studies with actual cathode

t activation is concerned, there is no evidence so far that the structure and/ov

gensitivity of the completed cathode is affected by the particle size of the
H original Sbh-fiim. Structure studies with activated cathode films are more
difficult to make because the vacuum in the electron microscope is not good
enough for cathode activation; attempts will be made to distinguish cathodes
j formed on the two types of Sb-substrate in the high vacuum electron diffrac-
tion tube, but these experiments ~ as indicated - suffer from the risk of
changing the film structure by electron bombardment before the first diffrac-
tion pattern is chbtained., The construction of an emlssion microscope could
possibly be of some value here, although the resolution might limit its useful-
i ness, In one respect, however, the effect of the Sh-source on the final
i

cathode is obvious: The standard method of determining film thickaess by

measuring light tramsmission 18 not wvalid since deposits of different thick-
ness but identical light transmission are produced depending on whether the

gource of Sb is an ShPt- or an Sb-bead.

% 2., §8-20 Cathodes on Oxidized Antimony

As has bheen pointed out before, Sh-films deposited from Sb-beads
cannot be oxidized by elther glow discharge or heating In oxygen.  Therefore,
all experiments with oxldized Sb-substrates had to be performed with fiims
evaporated from SbPt. This is wnfortunate because it makes it impossible to
determine whether any effect of oxiddation on cathode activation is only
obtained in combination witbh an Sh-film deposited from SbPt.

Many experiments were made to establisb the optimum conditions for
oxidatlon. The possibilicies are almost infinite in number: One can vary
the thickness of the original Sb-deposit and the degree of oxidation; addi-

tional 5b may be deposited on the cxidized film and the thickness of this top




layer can again be varied; even after complétion of Sh evaporation and oxida-
tion, the subsequent stages of the process may have to be changed from the
standard procedure to obtain optimum sensitivity and red response. Since each
result should really beverified in more than one tube, it is not surprising
that the experiments to be described lead only to preliminary conclusions.

(a) Oxidation without Subsequent Sb-Deposition

In tube 8.1522, a relatively thick (63% light transmission) Sb-film
was oxidized to 73% light transmission. Subsequent standard 8$-20 activation
produced unusual readings; in particular, the addition of Wa never produced
the increase in sensitivity commonly observed and the cathode showed n-type
conduction throughout the process, The final sensitivity was only 100 pa/l.
Thus, the omission of the additional antimony evaporation after partial oxida-
tion of a relatively thick Sb-substrate does not look promising, although it
must again be emphasized that in this type of experiment a single result cannot
be considered conclusive.

In tube §.1527, a thinner Sh-film (85% light transmission) was
completely oxidized by heating in oxygen. Again, no further Sb was added. The
standard $-20 process in this tube produced a sensitivity of 150 pa/l and normal
color response. The most noteworthy result of this experiment was that the
characteristics of the final cathode were indistinguishable from those of a
standard cathode containing no oxygern,

In tube 5.1530, an attempt was made to form a K,Cs8S8b cathode on an

2
Sb-substrate oxidized at 160°C like $.1527 and to convert this cathode into

an §-20 cathode. This process, which works with unoxidized 8b, was a complete
failure,

As mentiloned earlier, attempts to oxidize 8b-substrates deposited

from 8b-beads by glow discharge in oxygen (8.1526) and by heatirg in oxygen
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(5.1528) were unsuccessful. TIn both tubes, subsequent §-20 activation led
to sensitivities in the 100 pa/l range

ﬁ (b) Oxidaiion with Subsequent Sb-Deposition

In tube 8.1542, a very thim (97% light transmission) Sb-substrate
was oxidized and a relatively thick (707% light transmission) Sb-film was
deposited on the oxide. The final sensitivity of the 8-20 cathode was 180
pa/l, but the response beyond 7500 X was poor. A repeat of the process in
8.1543 produced lower sensitivity, but in both experiments - though more
markedly in 8,1543 - an effect was observed that seems to be tied to the
oxidation procesa: Whereas in the standard 5-20 process introduction of Na
at 220°C causes the sensitivity first to rise and then to drop to a value
vhich remains conatant on discontinuing the Na supply, the sensitivity appears
to recover in all caaes where the §b has been oxldized, There alsoc seems to
; be a correlation between this recovery of sensitivity after Na addition and

final sensitivity in that the final $-20 sensitivity is lower if the recovery
1s more complete, possibly because the Na is not retained. This observation
led to the process to be described in Section (3).

Two tubes (8.1534 and $.1538) were made to check the possibility that
there may be a simllarity between the effect of the oxidized antimony substrate
and the improved performance of Cs3Sb cathodes deposited on a thin manganese
oxide substrate, In both tubes, a normal S-20 process was carried out after
the initial Mn film had been oxidized. The results were the same in both
experiments? NaZKSb cathodes of average sensitivity were obtained but release
of s produced an immediate drop in sensitivity, and the peak sensitivity was
only in the 100 pa/l range. Thus, there does not appear to be any obvious
advantage in the manganese oxide substrate, bul more experiments will have to
be made to establish whether the unusval drop on admission of Cs was coincidental

or related toc this particular procese.
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3. Na-Sb Alternation at 220°C

As mentioned in the previous section, tubes with oxidized antimony
are characterized by the difficulty of incorporating the required amount of
Na by the conventional method of exposing the KSSb cathode to Na vapor at 220%.
In tube 5,1544, an attempt was therefore made to ensure the retention of Na

through chemical hinding by alternating the exposure to Na vapor with the

evaporation of small amounts of Sb. This process led to a final sensitivity
of 260 pa/l (the tube had cylindrical, as distinct from the usual spherical,
shape and the sensitivity was probably enhanced by reflection from the anode;
however, this effect 1s not likely to exceed 10%)., More significantly, the
cathode had very high response above 8000 R, ag can be seen from Fig. 2 where '
the curve of a high pa/l tube (S.1367) with "normal" long wavelength response
is shown for comparison, An earlier tube (S$.1516) with oxidlzed Sb-substrate
but without Na-8b alternation is also represented in Fig. 2.
The combination of oxldized Sb-substrate and Na-Sb alternation was 1
repeated in 8.1546. This cathode had lower over-all sensitivity (160 pa/1)
but exceptionally high infrared response, both probably the result of greater
film thickness (see sectlon (4)). The response curve of 8.1546 is also shown
in Fig. 2. 7The long wavelength threshold has the hilghest value measured for
an 5-20 cathode in this Laboratory. A significent feature of this activation
process was the unusually high red reaponse in the NaZKSb stage,
If the good performance of $.1544 and 5.1546 was not fortuiltous, it
could still be due either to the Na-5b alternation alone or to the combination
of Na-~8b alternation and oxidized Sb-substrats, It was therefore logical to
€ry the Na-5bh alternation in combination with unoxidized Sb-substrate.
The Na-Sh alternation at 220°C had actually been tried earlier with

another purpose in mind, In tube 5.1523, an attempt had been made to convert
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a KZCsSb cathode into an 8-20 cathode by this process. Good final sensitivity
had been obtained (175 pa/l) but the loug wavelength response was vather low
80 that the experiment had not been repeated. A second earlier experiment
(8.1525) with the standard sequence of alk;li mefgiélgnd Na-Sb alternation

at 220°C produced an excessively thick cathode and séemed at the time not
worth repeating.

In tube $.1547, an $b-film was deposited from an ShPt-bead, but the
film was not oxidized. Na-Sb alternation at 220°C produced again a Na,KSb
cathode of upusually high red response, but after the Cs process, the sensi-
tivity was only 150 pa/l and the infrared response was unot above average.

The process was repeated in S.1548 with an Sb-film deposited from
an Sb-bead. The cathode had again very high red response in the NaZKSb stage
but only average vwhite and infrared sensitivity after the Cs process. If one
dares to draw conclueions from the limited experimental evidence, the results
of S.1544 and $.,1546 on the one hand, and of $,1547 and $.1548 on the other,
would indicate that high red response in the NaZKSb stage is associated with
the Na-8b alternation and that the combination of oxidized Sb-substrate with
Na-8b alternation is required for high infrared response in the final 8-20
cathode,

4. Effect of Cathode Thickness

It has been polnted out in previous reports that the light absorp-
tion of $-20 cathodes decreases rapidly between 4000 and 9000 X and that
therefore the optimum compromise between light absorption and escape depth
of photoelectrons lies at much smaller film thicknesses for blue light than
for red and infraved light. It has also been discussed previously that,
because of this variation iuw light absorption, the red response of 5-20

cathodes can be improved by making the cathode thicker up to the point where
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the escape depth again sets the limit. There are indlcations that the response
in the range above 8000 8 can be increased by factors of two o three if the
thicknessg i8 optimized for this range. However, this improvement is always
obtained at the expense of response at shorter wavelengths.

In the tubes described in the previous section, the whole activation
process was in many cases repeated one or more times to produce a thicker
cathode and higher red response. In all the cathodes shown in Fig. 2, the red
regponse has been optimized in this manmer. The effect of increased thickness,
ag distinct from a change in cathode composition, is readily recognized by
two effects: First, the sensitivity to blue light remains constant with the
light incident from the vacuum interface but decreases with the light incident
from the glass interface., Second, the sensitivity increase near the threshold
is a quantitative rather than a qualitative one. In other words, with increas-
ing thickness the threshold is not significantly shifted to longer wavelengths
but the sensitlvity at a particular wavelength is increased. Referring to
Fig. 2, this means that a curve such as that of £,1367 cannot be changed into
that of $5.1516 simply by making the cathode thicker.

An experiment was made in tube S.1549 to produce a velatively thick
cathode for high infrared response by evaporating a greater amount of Sb onto

the oxidized Sb-subsirate rather than by repeating the whole activaticn process
as in earlier tubes, The Na-Sh alternmation produced again a NazKSb cathode of
relatively high red response, but the final S-20 cathode had only 140 pa/l
sensitivity and low infrared response, although it was very thick as shown by
low blue response with light Incident from the glass interface. This experi-
ment has to be repeated to evaluate its significance, but it could mean that

repeated processing is superior to processing a thicker initial Sh-layer,
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C. Conclusions

The results described in Section (B) are so incomplete that most

oG
e

conclusions at this stage are necessarily of a tentative character. However,
the following statements can be made with some confidence:

(1) Sb-films deposited from an SbPt-bead differ from those deposited from an

i
i

Sb~bead in thats

(a) They consist of smaller particles which form a continuous £ilm

of relatively low resistivity.

(b) They can be oxidigzed by either glow discharge in oxygen or by

exposure to oxygen at 160°¢C.

(c) Being continuous, they transmit less light for equal amounts
of Sb deposit per square centimeter.

(2) 8-20 cathodes formed on oxidized Sb~substrates with additional Sb over-layer
have higher over-all sensitivity, but not necessarily longer threshold
wavelength than cathodes on unoxidized Sb.

(3) Alternation of Na and 8b at 220°¢c produces NaZKSb cathodes with relatively
high red response,

(4) Na-8b alternation at 220°C in combination with oxidized Sb~substrate

:
i
1
5
I
]

appears to be beneficial for high infrared response. As long as the

physical and chemical effecits of these processing features are not under -

]

stood, it is very likely that they are only one way, but not the only

way, to achieve the extension of threshold.

i . (5) The infrared response of an $-20 cathode can be increased at the expense
of shorter wavelength response by increasing the film thickness. This
may be of considerable practical interest where sensitivity beyond 8000 &
1s essential. However, 1t must be remembered that an improvement above

anno 8. i.e.., in a range of very low absolute guantum efficiency, is
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bought at the expense of a loss of sensitivity Iin a range of very
high quantum efflciency. Hence, for use above 8000 X, Lt would
probably be advantageous to evaluate cathodes by comparing the
sensitivity through an infrared transmitting filter (such as the

2540 glass filter) rather than by comparing pa/l values,

16,
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I1, MOLECULAR BEAM FABRICATION OF S-20 CATHODES

A, Cathode Fabrication

During this quarter, two attempts have been made to fabricate $-20
cathodes by the molecular beam method. The results of these experiments,
which will be reported below, have servad as a stimulus for the development
of new techniques for producing calibrated molecular beams,

The apparatus for the simultaneous deposition of Na, K, Cs and
S8b has been described in detail in previous reports. 1t consists of glass
molecular beam guns for the alkali metals which are heated by external
ovens and a metal gun for antimony which is heated by an internal heater.
The guns are all directed towards & quartz crystal oscillator which is used
to measure the mass of material deposited from each molecular gun., Cathodes

are produced on substrates which are moved in front of the quartz crystal

17.

oscillator, A schematic diagram of this apparatus, which has been previocusly

presented is shown in Fig, 3.

As a result of improvements made primarily in the quariz crystal
mount as described in the previous report and the incorporation of a
temperature controlled enclosure for the reference quartz crystal oscillator,
it has been possible to obtain accurate measurements of the deposition
rates, The improved performance has heen observed (1) in the stability of
the crystal frequency with no molecular beam incident and (2) in the sharp
change in slope of the frequency va time plot when ,the molecular beam aper-
tures are opened,

The procedure in the two attempts to produce 8-~20 cathodes was to
adjust the rates of deposition of Sbh, Na and K as measured by the quartz
cryata) omcillator 8o that they are in a ratio of 1:.377:.319 correaponding

to nan atomic ratfo of 1 Sb to 2 Na to 1 K, The major problem in thease
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experiments Ls the setting of these vattes, This has been done by measuring
the rate of deposition of each constituent In sequence for six minutes and
then adjusting the rate as required. This procedure was continued until
rates reasonably close to those required were achieved,

In the first experiment the following rates were achleved:

A cpg in 6 min,

Sh 34
Na 11
K 8

The 8b rate was slightly too high, but because there was the pogsibility of
running out of materials, the Sb rate was reduced slightly by an unknown
amount and a simultaneous deposition was made on a clean substrate,

The white light photoemission rose continuously with time for 7.5

minutes and then weut through a peak. The constituents were then each

Vrdeposited sequentially. Tt was found that each component caused the photo-

emission to go through a peak. When all beams were stopped, the photo- .
emission rose slightly and reached a stationary value, The sequential dep-
ositions were continued until no further increaée wag obtained, The material
deposited sequentially wade up less than 10% of the total amount of material
deposited. An increase in the sensitivity was observed of only a factor of 2
as a result of the sequential deposition. The sensitivity of this cathode
was 10 p amps/lumen, Upon deposition of cesium and additional Sb sequentially,
the sensitivity was increased to 30 p amps/lumen. Measurements of the res-
ponse with a red filter showed that the cathode which had been formed was
clearly a multialkall cathode although of low sensitivity.

In the second experiment, the molecular beam rates were adjusted

to the following values:
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A _cps in 6 min,

Sh 30
Na 10.5
K g

As before,the photoemission rose steadily but when the sensitivity reached
a value of about 1 yu amp/lumen the Sb gun temperature controller started to
oscillate, This was seen as an oscillation in the cathode sengitivity with
time. It was unfortunate that this experiment had to be terminated because
the beam rates had been very close to the values required to produce NaZKSb.

In each of these experiments more than three hours were required
to adjust the molecular beam sources to give the desired deposition rates.
There appear to be two causes for this: (1) the long time constankt of
the alkali guns, and (2) the rates of deposition from the sodium and potassium
molecular beam sources were considerably below those expected from calcula-
tion from the apparatus geometry and vapor pressure data. The first problem
1% ioherent in"the fac€ that the beam sources are made of glass and are
heated externally. The low thermal conductivity of the glass limits the
rate at which the molecular beam apparatus comes to equilibrium, The res-
ponse to the small adjustments in the oven chamber temperature are especially
slow.

The origin of the second difficulty is not completely understood.
The deposition rates as measured by the quartz crystal are equivalent to
those expected if the oven temperature were 25° too low, that is, they are
four times lower than expected, Furthermore, the deposition rate is less
dependent on temperature than expected from the calculations. A large
error in temperature messurement seems unlikely, However, since the Lempera-
ture of the external glass wall rether than that of rhe alkali metal is

measured, a small error cannot be ruled out, There is evidence
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of a chemical reaction between the glass and the alkali metal as seen in
the discoloration of the glass. The producta of this reaction (alkali oxides,
Si) are expected to have low vapor preasures, Since free alkali metal has
been visible in each of the guns during the course of these experiments,
.the chemical reaction should have little effect on the deposition rate.
Another possible, though unlikely, cause for the low deposition rate is re-
lated to the desorption of alkali metal. If it is assumed that in equil~-
ibrium only one in four of the incident atoms are permanently retained,

the low rates can be explained. Previous results lndicate that all in-
cident alkali atoms arc retained especially when deposition is on an
antimony-rich substrate,

In these experiments, alkali metal deposition immediately following
an Sb deposition did not show any variation in rate as a function of time.
The possibility of this effect will be studied further during the next
quarter since if it does occur, the results measured with the quartz crys-

tal oscillator may not be applicable to the cathode formation,

B. JXmproved Apparatus

The results of the previous experiments indicated that two im-
provements in the molecular beam forming apparatus would be useful. First,
an oven with a shorter time constant would be advantageous; second, the
excellent stability of the quartz crystal oscillator suggests that the
oscillator output be used to control the power to the oven heater directly,
rather than to contrel the oven temperature assuming, of course, that all
incident atoms are adsorbed. Preliminary experiments in both of these
areas have been made during this quarter,

Fig. 4 shows the experimental tube containiung the new molecular

beam source. The molecuidr beam gun consisted ol # L/4" diameier wopucs
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tube acrosa which a 001" thick nickel foil had been brazed. Alkali metal
had been distilled into the tube and the tube had been pinched off., After
the tube was baked out, a hole was punched in the copper tube and the tube
was heated with a tungsten cofl. The rate of deposition from this source
was measured by means of the quartz crystal oscillator mounted on the upper
end of the tube.

The results of this experiment showed that the time constant of

this source, although shorter than those of the glass guns,was still several

minutes. This is the result of the high thermal capacity of the copper tube,

and the poor coupling of the tube to an external heat sink, The coupling ;
to the heat sink cannot, however, be improved because the inefficient coupling {
Lo the heatexr coil would make the required input power in the present design
teco high, Molecular beam sources are presently being constructed to cir-
cumvent these difficulties,
The preliminary experiment on automatic control of the deposition
rates was carried out in a bell jar using the circuit shown in block dia- ‘
gram form in Fig. 5., A slmple resistance wire evaporator was ugsed in
this experiment to simulate a mclecular beam source with a fast response
time., The circuit was designed 80 that the evaporator received power at a
rate which maintained the deposition rate as measured by a quartz crystal
ogcillator at & preprogrammed value. The output of the oscillator was
impressed on a General Radic Type 11424 fraquency meter which produces a
dc output proportional to the frequency. At constant deposition rate, this
dc voltage should increase with time at a constant rate. The output of the
frequency meter was amplified and fed into one input of a differential amp-
lifiexr, This was compared to a steadily increasing dc voltage which was

generated by a votating polentioweter and a battery. The difference be-
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between the differential amplifier inputs wae used to triggey a sllicon cow
trolled rectifier control circult which controlled the power to the evapor-
ator so that the inputs of the differential amplifier were maintained

at approximately equal values, The frequency meter is thereby made to
follow the potentiometer. The deposition rate was controlled by varying
the voltage across the motor-driven potentiometer.

Preliminary experiments with this circuit showed that it worked
well over a large rauge of evaporation rates. It is limited primarily by
the stability of the quartz crystal oééiliétor. Further experiments will be
performed with this circuit when a faster molecular gun is developed since

it is believed that with our present guns the temperature will lag too far

behind the control signals,
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TIY. ELECTRON AND X-RAY DIFFRACTION STUDIES

A. Molecular Beam Electron Diffraciion Tube

Results given in the 8th and Sth Quarterly Report82’3 of this project
have shown that the formation of S-20 photocathodes employlng sequential
deposition from molecular beams is kinetleally inhibited at room temperature
and that it would therefore be desirable to heat the substrates. In the case
of the usual processing procedures, provisions for heating the substrate would
not present any serious problem but, in combination with-the present apparatus,
the means of heating the substrate are limited.

The failure of a method using a resistively heated substrate was
reported previously? During the past quarter, an attempt was made to heat the
substrate using a projector lamp containing a parabolic mirror for enhancing
the focus of the emitted light. However, the difficulty in reproducing the
lamp to substrate distance coupled with the fact that the substrate is a com~
posite of glass and metal made the control and measurement of the temperature
virtually impossible.

As a result, no attempt was made tc draw any conclusions from the
data gathered in this experiment although, in general, the effect of Qéating
was to lower the semsitivity of what were already extremely poor cathodes,
Perhaps the greatest drawback in this scheme is that rhe heat transfer char-
acteristics of the glass and metal portions of the substrate are so different
that it would not be correct to attempt to make a correlation between the

photoemission measured on glass and the transmission electron diffraction

2, Research Study for Increasing the Sensitivicty of Photoemitters. Contract
DAL44-009 ENG-4913, 8th Quarterly Report, October 1 - December 31, 1963.

3. Resecarch Study for Increasing the Sensitivity of Photoemitters, Contract
DA%44 -009 ENG-~4913, 9th Quarterly Report, January 1 - March 31, 1964,

4, Research Study fov Increasing the Sensitivity of Photoemiiters. Contract
DA44 -0U9 ENG-4%L3, lUth Quarterly Keport, Aprili i1 - June 23U, 1304,
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pattern obtained through the carbon-~coated copper mesh.
As has been mentioned in previous reports, Lhe dual substrate problem
is eliminated by the use of reflection electron diffraction. Continued pro-

gress in the design and construction of such an apparatus is discussed below.

B, Reflectlon Electron Diffracticn

In the previous report of this project,4 several reasons were
advanced to explain the failure to observe an electron diffraction pattern

in a tube employing the reflection technique. Several modifications were made

in_the tube in order to overcome these and other objections. These modifica-

tions were as follows:

(1) Tncorporation of a 3/16"x.01l5" aperture between the anode of the electron
gun and the substrate. The aperture was placed about 1" from the sub-
strate and was mounted on a 1" long x 3/4" dia, cylinder. The resultant
loss in total beam current caused by this limiting aperture could, in
fact, be compensated for by reducing the bias on the first grid. The
aperture serves not ouly to reduce the size of the beam which strikes
the crystal but also to lessen the background radiation by preventing
secondary electrons from the walls of the tube from striking the phos-
phor screen.

(2) Because it was virtually impossible to align the rest of the gun with the
new limiting aperture, a magnetic alignment coil was used for this pur~
pose, Satisfactory control was achieved by placing this coil about an
inch behind the end of the anode of the electron gun.

(3) & moveable beam stop was placed about 3/4'" from the phosphor screen,

This consisted of a 2~mm strip of nichrome attached to an L-shaped arm
extending out of the malu pump manifold. The end of the arm in the

manifold had a soft iren core which allows the position of the beam stop
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to be controlled by an external magnet. The use of the beam stop enhances
the contrast considerably since the halation due éo the internal reflec-
tion of light produced in the phosphor screen by the primary electron heam
in the face plate Is a prime contributor to the background.

(4) An optically polished quartz substrate with essentially the same geometry
as before was used, However, great care was taken to ensure that all
portions of the substrate which would not be covered by the test material
were covered by a conducting layer of silver.

(53) An evaporator was incorporated so that the test materilal could be depoeited
in situ. Since our test material in this case was gold, such precautions
against oxildation were not necessary,

The electron diffraction unit was placed in operation without baking
the tube but only after an ambient pressure of less than 10'"6 Torr was obtained.
Bake-~out was not considered to be necessary since ultra-high vacuums were not
required for these tests. Preliminary tests of the electron optics showed
that the 15-mil aperture reduced the background considerably and, in addition,
there appeared to be only a minimal amount of diffuse scattering from the
substrate when {t was positloned In the beam., In addition, no charging effects
were noticed. These latter two effects had been severe in the previous experi-
ment where the limiting aperture was absent. A weak image of this aperture

was observed on the phosphor screem, but this was ot objectionable,

A layer of gold was evaporated onto the substrate whose thickness
was later estimated to be in excess of 200 X on the basis of the light trans-
mittance of the gold evaporated onto the walls of the tube.

By adjusting the angular setting of the substrate with respect to
the beam, it was possible to observe a diffuse diffraction pattern at an

ancnlararing valtasae of 70 X7, The natfern was sharpened consfderahly by
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raising the accelerating potential to 35 KV and optimizaed by traasver:
scanning of the substyate in order to find the best diffraction region. At
this peint, a final angular adjustment was also necessary. This could be
accomplished hy moving the substrate with the microme.ex stage or by adjust-
ment of the electron beam with the magnetic codil.

A reflection diffraction pattern of the gold layer is shown in
Fig. 6a. Pains were taken to optimize the sharpness of the pattern. For
comparison purposes, a transmission electron diffraction pattern of a 200 R
layer of gold}is showp_?n Fig. Gb. _Both patterns were taken at an accelerating
potential of 35 KV. The transmisslon pattern was obtained using a standard
copper mesh substxgte which temporacily replaced the reflection substrate.
Clearly, the diffraction lines are broader and the background higher in the
reflection diffraction pattern. However, these are drawbacks inherent in
the method. One reason for the diffuseness of the lines is the width of the
region over which diffraction takes place. In this case, it can be as great
as 2 mm, It should be possible, however, to reduce this width by a factor
of 2 or more. In addition, it might be pointed out that the transmission
diffraction pattern of gold shown here is not nearly as sharp as some rhat have
been obtained for antimony or the alkali antimonide photocathodes. (See
Fig., lec.) Thus, one might expect that the reflection patterns of these mate-
rials might be sharper than that of gold also.

This experiment has demonstrated the basic soundness of the appara-
tus, However, the quality of the diffraction patterns at present 1s such
that they probably would not be very useful except for ldentifications.
Unquestionably it will be necessary to obtain sharper lines if useful informa-
tion is to be obtained. This, in fact, can be accomplished by operating at

Lighies puiltuibialos.  Tite neal siep Lu Lhds vapuirimeui will be Lo examiite dcrual
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photocathodes and compare the reflection photogrephs with those obtained by
transmission techniques. In addition, the possibility of veducing the diffuse-

ness of the diffraction lines by redesign of the substrate will be examined.

C. Electron Diffraction Investigation of Ag-Cs-0 Cathode

As a result of studies in this laboratory,a great deal has been
learned about the structure of the binary and ternary alkali antimonide
photoemitters. In contrast little or nothing is known about the composition
or structure of the Ag-Cs-0 (8-1) cathode. This cathode, which also happens
to be the oldest of the practical photoemitters is of interest because of
its relatively high infrared response, In the past, many workers have
assumed that the cathode is a composite of silver and Cszo but there 1s no
direct evidence for this and no good explanation as to why this rather
peculiar combination displays its observed photoelectric behavior.

This examination of the Ag-Cs-0 cathode was delayed several months
because of difficulties encountered in the repalr and construction of the
apparatus and because of higher priority commitments to other aspects of
this project. The conventional electron diffraction apparatus described
in the Fifth Quarterly Report of this project was used for this experiment
and normal processing procedures for 8~1 cathodes were followed as far as
possible. Diffraction patterns were always taken after: (1) the evaporation
of the silver layer, (2) oxidation of the silver, and (3) addition of cesium
to a maximum value of photoemlission, 1I1f circumstances warvanted, the processing
could be stopped at some other point and the diffraction pattern examined.

A total of four cathodes were prepared. All of them had low pholtosensitivities,
with the highest being four wicroamps/lumen measured relative to a standard

tungsten Vamp and the other three being 1n the 1 to 1.5 microamp/lumen region,
8 1 B P g
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between 60 and 70 perceni that of the unfiltered value; a reaponsc which is
typical of an 8-1 cathode, The reasons [or the low sensitivities arc not
known although 1t is usually necessary for one to alter the processing
procedure somewhat when the tube geometry is changed. Tn addition, it was
found that the semi-permanent source of oxygen (a side arm containiné HgO)
on the vacuum system was very nearly exhausted making it difficult to gen-
erate a sufficient pressure of oxygen for normal glow discharges after the
processing of the second cathode,

Because of the poor sensitivity of the cathodes, it ils difficult
to assess the relationship of the observed diffraction patterns to those
that might be observed at normal photosensitivities. However, because the
relatlve response of these cathcedes to red and white light is what is
expected for 8-1 cathodes, it would seem likely that what is seen in these
diffraction patterns would in part be seen in the patterns of normal cathodes.
éince some variation in the diffraction patterms of the different cathodes
was seen at vavious steps in the processing, it seems loglcal to discusa
them as afunction of the processing steps,

The first step in all cases was to evaporate a layer of silver to
a light transmittance of 50 percent (about 100 A thick). 1In three cases
the diffraction pattern was what might be expected from a thin evaporated
layer of sdlver., There were some differences in the sharpness of the lines
indicating perheps that the crystallite size varied somewhat from sample
to sample. 1In oue case, howeveyr, a very weak and poorly defined pattern
was observed, This was later shown to be the result of a poor substrate
(substrate 3, a 1 microamp/lumen sample) and had nothing to do with the
crystallinity of the layer. Because of this, diffraction data from this

substrate was not considered in this discussion although the behavior of
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the cathode itself is, Thus it appears that the final sensitivity was

not radically affected by any initial crystallinity of evaporated silver
layer, Oxidation of the silver was carried out in a glow discharge lo
oxygen, The process of oxidation was followed by measuring the light trans-
mittance of the glass portion of the substrate, the assumption being that
the oxidation is complete when nearly 100 percent light transmittance is
achieved, Only in the case of substrate | was 100 percent light transmittance
observed while in the case of the other three, final values of 70 to 80
percent light transmittance were observed only after several minutes in the
discharge, 1In these cases continued discharge either had no effect or
resulted in a slight decrease in the transmittance, In contrast,oxldation
of substrate 1 was complete in a few seconds, Table A gives the interplanar
spacings obtained from the electron diffusion patterns of substrates 1, 2
and 4 after the giow discharge step. All of them show the presence of
gilver oxide, Ag20. It is interesting to note that the presence of silver
is noted only in the pattern of substrate 1 and yet thls was the only substrate
in which the light transmission measurement indicated that the oxidation wasg
complete, 1In contrast, uno diffraction lines of silver are seen in the

other three samplea where, by the same reasoning, one might expect silver

to be present. The possibility exists then that not all of the silver has
been oxidized but rather has been converted into an amorphous~like or
extremely small crystallite size phase, This process might be brought about
by continued ion bombardment heating the subsirate so that initialiy

formed oxide is decomposaed leaving a deposit of silver in the above condition,

This wonld also explain the decrease in light transmittance which was ob-

served in some cases on continued action of the glow discharge. it 1s also

interesting to note that the substrate which hechaved normally in the glow




TABLE A

ELECTRON DIFFRACTION PATTERN OF EVAPORATED SILVER FILMS
WHICH HAVE BEEN OXIDIZED BY GLOW DISCHARGE

pubstrate 1 Substrate 2 Substrate 4 Identification®
T d/n I d/n I d/n d/n (L)
w 2,678 3 2.646 s 2.68 AgZO 2.734  (100)
vy 2,337 w 2,380 m 2.380 Ag O 2,367 (35)
L

Ag  2.360 (L00)
vw 2,00 Ag 2,044 (38)
m(b) 1.633 m(b) 1.65L Ag,0 1.674  (18)
vvw 1,438 vw(b) 1.423 w(b) L.424 Ag 1.445 (25)
Ag. 0 1.427 (12)
0 1.367 (&)

wow 1,23 Ag  1.231 (26)

vw(b) 1.061 w(b) 1.067 Ag.0 1.086 (4)

Ag.0 1.059 (2)

All patterns recorded at 35.0 KV

* Data taken from ASTM X-ray Powder Data File
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discharge was Lthe one which yielded the highest photosensitivity.
The processing side arm was heated to 160°C and cesium was

added until a maximum value of photoemission was obtained, The diffraction
patterns of the cathodes thus obtained are given in Table B, The patterns
are not all the same, with the firat three being weak and diffuse while
the fourth contained many more lines and was considerably sharper, Crys=-
talline silver was observed only in the first substrate (where it was known
to be present) and perhaps in the fourth substrate., If the latter case is
8o, this would lend credence to the proposal that the S-1 cathode is formed
by the reaction

Ag

0 + 20s = Cs,,0 + Ag

2 2

An alternative possibility in which no separate phase of silver would be

obgerved is the formation of a discrete ternary oxide or a solid solution of

the binary silver and cesium oxides. In this respect, a line corresponding
to one of the two equally strongest lines of CSZO is observed in gll four ‘
diffraction patterns. 1In the case of substrate four, a reasonably good
fit of its diffractlon pattern with that of CSZO is obaerved. Lines corres~
ponding to unkoown phases, one of which might be sgilver are also present,
The conclusions to date would be that the 5-1 cathode most likely
contains 0520 or a phase closely related to it, Conflicting evidence
exists as to whether silver 1s present in the flnal cathode as an elemental
phase, However, the data abtained for the silver oxidation step indicates
that silver could be present as an amorphous or poorly crystalline phase and thus
not detectable by diffraction techniques. Since all of the data was raken

from wothn onar cathndes, v must he realized that the above data may not
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TABLE B
ELECTRON DIFFRACTION PATTERNS OF S-1 CATHORES

Substrate 1 Substrate 2 Substrate 4 Identification®

I  d/n I d/n 1 d/n d/n (1)
vvw(b) 4,244

m 3.345 0s20 3.433 (100
w 2,973 vw(b) 2,893 w(b) 2.940 CSZO 2.911 (100)
vw 2,369 2.284 Ag 2,360 (100)
2.078 Cszo 2.124 (25)

Cs,0 1.945 (20)

Ag  2.040 (38)
1.789 0920 1.766 (20)
CsZO 1.688 (10)
vvw 1,397 1.410 Ag  1.445 (25)
1.344 Cs.,0 1.378 (1)
CsZO 1.336 (10)
0520 1.269 (20)

vvw L1.197 i 1.200 Ag 1,231 (26)
T C320 1,201 (L0}

ALl patterns recorded at 35.0 KV

# Data taken from ASTM X-ray Powder

Data Tile
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represent the conditions of a normal cathode. These experimeuts will be
repeated with a view to preparing cathodes which are more representative

of standard cathodes in their photoelectric behavior.

D, Crystallite Size Studies

During the past quarter a considerable amount of experimental
data was taken in order to determine the crystallite size of NazKSb,

(CéNazKSb, K,CsSb and Cs,Sb cathodes in different degrees of activation.

3

This data is now in the process of being analyzed and will be presented

in the next report of this project.

37.
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IV, TIELD INDUCED PHOTOEMISSILON

Development of a new technique of cleaning and diffusing doping i
impurities into p-type germanium to produce n-p junctions for field induced {
photoemission was begun during this quarter. Past experience has shown that
the surface, through which doping impurities are lntroduced into a crystal
of silicon or germanjum, plays an important role in determining what impurities
are Introduced and their distributions. If there are oxides on the surface,
they may react chemically with the crystalline material. In somercases, the
reaction at the surface 1s important in that it provides a convenient method
of introducing impurities, i.e., the diffusion of phosphorus into silicon.

In this case, the phosphorus pentoxide which forms on the surface acts as
a source. There may also be oxides of various undesirable elements present
which may react with the‘éurface freeing therelements for subsequent diffusion,

If the surface of the crystal is covered with its own oxide, any
doping ilmpurity source introduced will have to diffuse through or interact 1
with the oxlde before reaching the crystalline material. 1In the case of
very shallow junctlons, this oxide layer, which is almost always present,
undoubtedly plays an ilmportant role in determining the depth of the junction,
the impurity profile, and the impurity surface concentration.

Since it is difficult to gscertain how much and what kinds of mate-
rials are on the surface, it is then desirable to remove them as completely
as possible before diffusing.

The appartus which is shown in Flg. 7 was designed with the above
considerations in mind, TFirstly, the surface is etched using the cgnventional
HCLl vapor etching techniql_le'5 exposing a surface frce of forelgn substances.

Since the amblent is free of oxygen at all times, there is no danger of oxide

VT pamnahsrae WA Ftehing ol Gevrmaniom

5S¢ Ju A BmMLCK, Be A Roih, and . CUIC

Substrates in Gaseons Hydxnpcn FhIOLLd@ " RCA Rev. XXIV, 471(1963)
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formation. Secondly,rimpnrities are introduced for diffusion,

The crystal sample rests on a block of similar material which is
heated by an R¥ generator. Heating the sample in such a way prevents the
introduction of forelgn materials which might be emitted from the walls of
the quartz reaction tube which, in the conventional diffusion apparatus, is
also heated to a high temperature. It has long been suspected that the hot
quartz walls have been the principle source of impurities in the past. This
method of heating the sample will allow for a test of this hypothesis.

In the past, our dwpurity source, for n-type diffusion in germanium,
has been red phosphorus which was sublimed in one region of the furnace and
caxried by hydrogen over the sample which was placed in another region of
the furnace. The concentration of phosphorus above the sample was very
difficult to control. As a result, the germanium surface became pitted
due to microalloying in regions on the surface exposed to excesslve amounts
of phosphorus. These microalloyed regilons are inevitably regifons of high
concentration., If the p-n junction ia close to the surface, they may extend
to the junction giving rise to soft i-v characteristics, If the junction
is shallow but the alloyed regions do not extend to the Jjunction plane,
then soft 1-v characteristics willl arise due to abnormally steep impurity
gradients at the junction. Tor deep junctions, the effects of the alloyed
region are averaged out; hence, they have lirtle effect on the i-v charac-
teristics.

We propose to overcome this difficulty by using instead PH3 as
a diffuslon source. Belng a gas, Pﬂ3 may be introduced into the resctiuva
chamber in controlled amounts where 1t will decompose at the hot germanii-
surface freeing phosphorus for diffusion. This procedure should climinate

agplomerations of phosphorus on the surface. This leads one te believ.
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that the microalloying problem might be alleviated.

The operation of the apparatus which is now completely built is
obyious from the diagram. Very preliminary experiments have been made to
test the performance of the hardware involved. Experiments on etching and

diffusion will commence shortly.




———————

(1)
(2>

(3

(4)

(3)
(6)
(7)
(8)
(9
(10)
(1)
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PROGRAM FOR NEXT QUARTER
Study Sb~-films as a function of source material,
Attempt to define and understand the effects of oxidized Sb-substrate
and of Na-8b alternation at high temperatures.
Continve the experiments oun the formation of.S-ZO cathodes by the
simultaneous deposition from molecular beams using the tube already
buile.
Examine the sticking and desorption of alkali metals during cathode
formation.
Further develop molecular beam sources with fast response times,
Further improve the reflection electron diffraction apparatus.
Further electron diffraction studies of S-1 cathodes.
Complete study of crystallite size in photocathodes,
Initiate study of zeolite alkali ion sources for photocathode formation,
Resume low energy electron diffraction studlés.
Investigate vapor etching and diffusion of p-n junctions for field

induced photoemitters,




Man -hours expended for the period 1 July 1964 to 30 September 19642

Administration

Members of Technical Staff

C. R. Fuselier ------mrecmcnr e e e e
W. H. McCarroll e-eweemcncm e e et e cc e
J. 0. Schroeder, wmumormecmcmammca e rccc i rrr i ——
R. E. Simon =-e-vwmencmw.- Rt e P EE TR

A. H, SOMMEr mwemrummsmmcn s e ;o
fechnicians

G O, FOWLEET = mmmmme e e e e e e e e e
D. F. Greene ~wm-re-mecmcccmc e ccccac e mes e,
Re Lo ROAEErS wommememcc e e e e e e

Hour's

23-1/4

409-3/4
418-1/4

15-1/2
325-1/2
294.-1/2

384 -1/4
46-1/2
_170-1/2
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