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Objest of Trip

It was intended to follow up investigationa, slreedy staried, m Cerman
Research on Sad~oomdnators, Metsl Ractifiers, Detectors and Photo—cells
(s0e B.I1.0.5. Final Report 725 "German Research m Rectifiers and Semi-
oonductors" ) end also to pick up any new informstion @ these and related
aubjects. Experimental results and theories advanced are reported here as

given by the persomel interviewad snd do not necessarily coincide with the
the opinion of the suthor of this report.

A list of the individuals interviewed is givem in the following table,
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Semt-gonductors

(1) Prof, R, W. Pohl, Chlef of the first Physical Institute at Gbttingen
University,

(1.1} Alkmli-flalide Crystals, Prof. Pohl is at present working m
vhoto-chemical processes, 1.e. chemical chenges produced in a compound when
absorbing electru-magnetic redietion, Such a reaction would, =.g. be
Zn0+0+rL ~ Zn0, where v h stands for the photon of light fregquemcy V.

For practiical applicatioms, such as radiatim detectors, campownds with a
short relaxation time are mest useful, as they can follow rapid changes in
radiatia intensity; e.g. PbS cells will easily indicate variations in infra-
red radlation intensity even at a rate exceeding 1,000 ¢/s. For fundamental
research, however, photo-chemical changes, the products of which have a relatl-
vely long life, are mmch more sulitable as they can be studied more leisurely
and furthermore, the finsl equilibrium concentretion of activated absorptim
centres is much higher and more amenable to quantitative,investigatim.

Ancther reasen why materials sensitive to infre-red (LR.) radiation are not
s0 suitable is that their sbsorption ususlly extends from the I.R. through the
visible right into the U.V. region (see Fig, 1, curve a;, i,e. they are opague
to wvisible light. There exist, however, certaln ionic crystals, such =as
alknli-halides, whose main absorpticn bands lie in the U.V, regian {curve b)
and which are almost completely transpsremt to visible radiatiami, Any change
in thelir absorption characteristic, sush as the crestiom of a new absorption
region F, is thus easlly observable., It is mainly for these reasons that the
Gbttingen School has concentrated on alkeli-helides and similar crystals,

(1.2) Colour Gentres end Idght Absorption, Alkali-halide orystals
are grom from the purest melt \impurities less than 1:107), A smll
crystal is put Into the melt to form a nucleus m which further growth takes
place, The {temperature of the melt is kept constant to within 1°C, The
top of the crystal ls water cocled and the whole crystal is withdrewn very
alowly and steadily sa the growth proceeds, Perfest crystals of FC1 and
similar compounds have besn grown up to a size of 5" diameter, This might
take anything up to 48 hours, The whole furnace should be carefully
shielded from any draught, and metel vapours must be prevented from reaching the
melt when very clear trensparent crystals are required,



The productimm of "colon centres” in thess orystals may be achieved by any
e of three different methods:

(1.2,1) By Diffusion of one of the constituent elements into the
crystal,

A trensparent EKBr stal, for instance, can be ocloured by exposing it to
the vapour of K or of Br (Fig, 23.2. Into the narrow neck of a tube made of
high-temperature rssisting glaas (Duran) place some metallic X, ' The
transparent EBr crystal is put into the wider part of the tube which is then
evacuated, With heater No, 1 bring the X to evaporation (a temperature of
500% produces a K-vapour pressure of about 30 mm. Hg) and independemntly with
heater No, 2 raise the crystal to a temperature slightly below its melting
point, say to 700°C, so as to accelerate the rate of diffusian of the wva
into the crystal, This will introduce about 10’8 K atoms into each cm, 7 of
the orystal, i,e, their cancentretiom would be about 1:10%, These "colour
centres' produce a dsep blue ocolour; they are then "frozen" into the crystal
by rapidly ohilling it to room tsmpersturs, When uaing a lower X~vapour
Preasurs, the concentration is ocorrespondingly reduced end the depth of the
colour is changed to a lighter hue but of same wavelength, about 5,00(°,

The ooncentration of these cclour cenires oan be determined fairly accurately
from the value of the absorption co-afticiant.

(1.2.2) By Direct Introductiom of Eleotrms into the crystal
(rig. 2v).

A D,C, voltage of sbout 100 volis 1s applied to two opposite faces of the
crystal which 1s heated o about 500°C, The + ve terminal mekes contact with
the orystal over a broed face, whilst the - ve terminal is camscted to a
gramophone needle stuck inte the opposite face, Electrons pass from the esdle
into the orystal and produce a deep blue colaour near the needle point, fading
away toward the other electrode corresponding to the lower electran demsity
there,

(1.,2,3) By gure to X-Ra When the transparent crystal is exposed
to X-Rays, same of ita coanstituemt ions are further ionised {doubly charged)
and provide electrans for the colour centres, This method, however, suffers
from several disadvantages:

(a) On ionisation of & metal ion there is, for every electran
rrovided for a colour centre, alsc a positive metallic ian produced right
inside the cryatal which is thus likely soon to pick up & free electron again,
therety killing the corresponding colour centre: +the "lifd" of

--3 -



crystals coloured by X-Rays 1s much shorter, especlally at elevated temperatures,

(b) Owing to the high emergy of X-Rey photms, the efficiency of the
process is rather low. For instance, & beam of 60 Ev X-Rays is completely
absorbed in 6 mm of K01; (4if much thinner crystal plates were used most of the
X-radiation would pass right through without producing eny effect in the orystal),
Bach photon of this radiation produces, by secondary electron emlssion, on the
average, 60 centres, i,e, about 100 &V are used up for the production of ome
centre whilst the energy stored in it mly corresponds to sbout 2 &, i,e., the
quantum yield of the process 1s about 2%, ‘

A recent practical applioatimn of such crystals is to the investigatiom of
cosmic rays at high altitudes: coloured crystals are shot up into the atmosphere
by rockets where they are exposed to cosmic radistion, and thersby discoloured

t0 a certain degree, From the leoss of colour, the Intensity of the radiatim
can be deduced,

{1.3) Theory of Colour Cemtres,

(1,3.1) F Centres, The explanation of the colouretim of ionic
crystals, such as KBr, has been given by Pohl many years ago: in any such
orystal there are certain "defect centres" ("Stérstellen") where an im of
either type, K+ or Br™, is missing fram the crystal lattice, leeving a "hold
of atomic dimensions thers, The number of such holes, aoccording to thermo—
d@mamio principles, rises sharply with temperature T, viz.,

NaN, & F/rr,

Within each hole, the electric field differs fram thet in the main body of the
orystal, Assume the missing ion to be Br~, Then the hole is surrounded by

six peositively charged X" ims cresting a strong electran affinity inside

it, If now electrons are brought into the erystal by any me of the three
methods described above, they ars easily trapped in those holes, but will be

free to oscillate inslde them, Depending an the size of the hole, i,e, m

the lattice comstant of the crystal, ths electrons could oscillate at a particular
frequency V, . If then electro-mapnetic radiation, i.e, visible light, of

that same frequency falls on to the crystal, it is strongly abscrbed by theae
electrms, i.e. the crystal appears coloured,

4~



A% that particular frequency the crystal will show a sharp absorption line,
From the value of the sbsorpiim co-efficient, or, to be exact, from the area
under the absorption curve (Fig, 3, curve b) the number of oscillators, i.e,
filled holes, can be determined by the standard theory of scattering, It
should be understocd that these colouwr centres are due to absorption of
electrms into the lattice and net, for instance, of ians or atems,

Therefore, the same colour is produced when, in the experiment described above
(Sectim 1,2,1), an atmosphere of Na vapour is used instead of ¥, Om

arrival at the crystal surface the alkali atoms are ionised, and the electrms
only diffuse into the crysial, leaving their alkali ions behind on the surface,

As mentioed sbove, the frequency ¥, of the absorptian line (Figz 3,
curve b) depends almost entirely on the latitice comstant d. The relatim
found experimentally is %4 = constant, i,e, the frequency becomes smaller

7 larger lattice spacings; KBr, for instance, abscrbs radiatim of longer
velength than, =say, NaCl, ©Similarly, at higher temperatures the crystal
expands and the frequency is again reduced, i.e. the colour iz shiftesd towards

the red end.. A% the same time, however, the thermal vibretice of the
adjacent metal ions surrounding the hole, vartly interfere with the vibreting
electron thus damping ifs oscillation. The absorption line is, at higher
temperatures, correspondingly widened into a band of larger half-widih and

of lower intensity (Fig. 2, curves c,d).

(1.3.2) P' Cenires. Woen radiation of frequency v, falls am to the
crystal, it is zbsorbed by the electroms which start oscillating themselves at
the same fregquency., By collision with neighbouring etoms they gradually
loss their emergy again.,  However, there is anocther mechanism by which they cen
lose the absorbed energy: the electron is ejected from its hole by the photon
it absorbs and moves again along the lottice until it falls into another hole,
On rarer occasions it might even fall initc a hole which is already cccupied,
and thus form a double charge there (Fig. 4). This will alter the ncrml
frequency and give rise to a2 new absorption band st a somewhat lower
frequency (Fig. 5). These new centres are called ' centres, Prolonged
exposure of a coloured orystal to radiation of its own characteristie
frequency thus slowly destroys the number of original F centres, l,e. the
depth of its coloawr, and produces new centres of a different eclour - nearsr
the red end of the spectrum - insteed, This process is reversible, but a certain
smeunt of energy is lost thereby. As indicated in Fig. 5, the absorptim
band of F' -centres is much breader than that of F—centres, i,e,, vhereas the
P-centres correspand to a sharply defined emergy level, the F'centres
correspand to a band of much larger width (Pig. 6),



The transition from FP- to P! centres is helped considerebly by heat motion,
the quantum yield being very low at low temperatures but equal to 2 at high
temperatures, It is, as Pirst sight, perplexing to find o meximum yield of

2 and not of 1 as might be expected, This yield of 2, however, gave rise

to the theory expomded mbove: One photon, by ejecting an electron from a
hole, destroys theredy not only the corresponding F-centre, but also the other
centre into which the ejected electron eventually falls, forming one F' _centre
instead. On the other hand, the transition of F'.centres back to F-_centres
is easier at low temperatures (see Fig. 7)., When exposed to "white" 1light,
there is a continuous shift fraw F. to F' centres and back, with the result

that, owlng to thermal collisions, the colour of the crystal is eventually
destroyed altogether,

(1.4) Effect of Hydrozen,

When a coloured crystel is exposed to an atmosphere of hydrogen at high
rressure, say 40 atmospheres, Hp molecules, due to their small size, can ezsily
diffuse into the crystal and find thelr vay to electrong trarped in holes,

There, they form compounds of KH with the surrcunding K*ions. The
characteristic colour of the crystal is lost thereby, and a new absorviiom
line appears instead in the near U.V. (Fig. 3, curve e, wmavelangth about
3,508 ) corresponding to the abscrption line of FH. Then now irradisted
with UV, radiatian of that same wavelength, the compound may be dissocizted,
FE+hv —» X + H, and the hydrogen cen be driven off by heoting the crystal
vhen its original colowr is restored. This is an example showing how
aliali-halide erystals may be used for the study of photo-chemical Frocesses.

(1.5} Absorption Bands due to Impurities,

When a small amount of, say, Ca is added to the melt during the growih
of a KBr crystal, the Ca”" ios with their double charge, create new tvpes of
defect centrea, =0 called "Z _centres", On exvosure of such a crystal to
Kvapour, as described abave, the electrons irepped in defect centres have
several different modes of fransiticn open to them giving rise to several
peaks in ‘the absorptiom curve (Fig. 8)., These few Ca't ims do not it
very well Into the K% 8r~ latiice and are much harder to shift, The
Z-centres are thus more stable than P_ or F'_centres. For instance, wheresg
F end F' colour centres are easily destroyed by exposure to X-Rays, the
colour due to Z.cemtres is much more stable, Ti can, hovever, be rapidly
removed by sirong heating whea the Cat*? ions become more mobile,



(1.6) Electrical Conductivity of Sollds,

In pure metals, electrms are free for copduction et all, even at the
lowest temperatures. With increasing tempersture T the metal ions start
vibrating about their eguilibrium positions in the lattice, The conduction
electrons collide more frequently with them and have their "free path’
oon‘epﬁndjngly roduced, i.e. the conductivity drops with 1/7 (Fig. 9,
curve a),

In a typical electranic semi-eonductor such as Si or Ge, there are no
elsctrans fres for conduction at low temperatures, Oply as the temperature
is increased are electraons freed from their atoms by thermal motion. The
muber of free electrons rises sharply wlth the temperature, i,e, the ’

cmductivity = TL'D £ W /RT

where W is the snergzy reguired to lift an electron imto the "conduction band".

In pure icnic crystals also ls conduciivity at very low temperatures
rractically non-existent as all electrons are tied to the imms meking vp the
crystal and the ions themselves are rigidiy held in positim, At higher
temperatures same "holes" and other "defects" appear in the crystal, allowing
2 certaln amount of freedom of movement to the ions which tlus become
avallable for the conduction of electricity. The number of holes and defacta
rises sharply with teaperature, and the same type of law for the comductivity
applies except that ¥ here corresponds to the energy required for the
rroduction of a "hole", e g about 2 & for AgCl. Az the temperature is
increased, more and more defeot centres are created. Eventually, when all
available ims have became free, the conductivity cannot rise any more and, at
higher temperatures still, thermal collieions would only have the effect of
impeding the drift of imns in the elecirical field, i.e. the caduotiviiy will
drop jJust as 4in pure metals, {Pig. G, curve b), In most icnic semi-
conductors this "saturatim® occurs at rather high tesperztures T _ and the
orystals usually stert melting leng before the maximm conductivily 1s reached,
A% very low temperatures, the intrinsic conductivity of both these types of
semi-omductar, elecironic as well as iamie, should, according to this
theory, disappear, However, in practice 1%t is foumd that there always
remains same residwal conductivity, even at very low teaperatures, This
residual conduotivity ("Stérleitung’) can be atiributed to foreign atoms

7=



or "impuritles', always present in any resl crystal, The "activation
energy® of these impurities is usually much lower than ¥, say about 0.4
volts, and hence impurities becoms important for the conductivity at low
temperatures, even if present in very small concentratiom (Fig, 10).

(1.7)  Ehoto-chemical Effects,

Recently, Pohl has been able to demonstrate photo—chemical effects by
conductivity measurements. AgCl is a typical ianic conductor whose
behaviour - in the dark - is adeguately described by the previous paragraph
(Fig. 11, range B C D), However, when exposed to light, a chemical change
takes place and Ag + O1l” exhibits, apert from its typical iomic comductio,
some pranounad electronic’conduction. Photons impinging om the crystal
produce, out of the AgCl, certain new chemical ccmpowmds with elestronic
sonductivity. Their exact nature and amount depends mainly on the frequency
and intensity of the radiatian, but gemerally the chemical changea affect
mly a very small fraction of the bulk of the AgCl, owing to the limited
number of guanta available and to the short life of the newly formed compounds.
The sdditional electironic conductivity is, therefore, largely swamped by the
mich greater ionic one; but it is possible, by working at very low temperziures,
to suppress the latter sufficiently so as clearly to bring out the electronie
conductivity. This is shown in Fig. 11 from A' %o B'. ¥With increasing
temperature, the new compounds formed by irradistirm are excited by the higher
thermal energy of the surrounding lattice to 2 larger and larger extent until
at B' all such centres = still only a very small fracticn of the whole bulk
of the material = have been excited and are available for conductian.

Further rise in temperature only increases the resistence (Fig. 14, B' G).
At point G the intrinsic ionic conductivity of AzCl sets in, and soon swamps
the electronic comductivity of the photo-cherically excited constituenks,

Literature: H, Pick: Uber die Farbzentren in KOl Kristallen mit
kleinen Zusitzen von Erdalkali~Chloriden., Ann. d. Physa.
35 (1939) 73.
Ry W, Pohl: Elektrmenleitung wmnd photochemische
Reaktionen in Alkali-halogenid Kristallem. Phys.
gS.Mosg (1938%1;36'6.1 'F brzent Alkeli-hal a

. 11lwo: ar dle Farbzentren der 1i- ogeni

Kristalle, Z3. f. Phys. 85 (1933) 56.
R. W. Pohl: Elektrizit8tsIchre., Gbitingen 1946,



{2} Prof, R. Hilsch, of the Physical Institute, Erlangen University, hes
.worked with Pohl an colour centres in alkali~-halide crystals wmtil 1940,

(2.1)  Semlconduotors,

In any investigatimn of semd-canductors, purity of the material is of
over-riding importance; impurities should not exceed 1:10°, Namlnally
"mard' metals cantain impurities of about 1:10% or 10%; copper can, by special
electrolytic refinement, be cbtained up to 1:105 purity (some troubles in
Cup0 rectifiers have been traced to very small smoumts of impurities),
Mstals, being opaque, cammot readily be checked for such degrees of prurity,
hence such trensparent compounds as alkali or silver-halidss are preferabls
for resesarch an semi~-condnctors; they would soom get opaque if cantaminated,
For instance, AgCll loses its transperemcy when as little as 1:100 of AgoS
is present. Generally, compounds formed by a strong chemical resotimm such
as highly polar salts, are likely to be of higher purity than metals: the
chemical reaction is more likely to proceed between the pure coxpment= and
tends to leave impurities of elther constituent behind, Fcor instance, very
pure Cif can be prepared easlly by evacuating a vessel containing purest copper
wire and them admitting sulphur vapour. Cupric sulphide, C1f, is an eleotronio
cunductor with a very high conductivity, evem higher then mercury, bul cuproua
sulphids, CusS, 1is an almost perfect insulader,

(¥sa) Dr, Fisenmern, in Prof, Hilsch's department, has studied the whole
range of compounds forom Cu to CuS., Speclmens wears prepared by evaporating
in vacuum a £film of CuS, about 100 wthick, o a thin mica plate, and them admitiing
sulphur vapour at varying pressures, . The samrles were welghed before and
after admisaim of the vapour by meens of a micro-balance and the inorease in
woight gave the excess sulphwr present. As a result of conductivity
measurenents, B, found a smeooth transition from the purely metallic conductivity
of the CuS =~ caductivity inveraely proportional to absolute temperature -
to the characterlistic semd-conduciar beheviour of Cugl -~ log of camductivity
proportional to /T (Fig. 12), PFor any given compound, the omnductivity
can be represented fairly ascurately as the sum of that of the two compments,
G\E and CusS accerding to their preportions, i.e. the two compounds behave as
if they were conmected electrically in parallel, Thus at very low :



temperatures, conductivity is mainly electromio due fo the CuS, and at the higher .
temperatures mainly ionic due to the semi-oonductor ( see Fig, 13).  Optical
messurements have slac been carried out on the samples from the nesr U.V, to
the LR, (Oul 0 3.0 )o & 100 W lamp was used to irradiate the film end
the emount of reflected and transmitted light was meesured, From these values,
both the refractive index and the absorption co-efflciemt could be determined
(Pig, 14)e The latter showed three distinct maxima, one in the U,V,, me in
the near LR, (at about 24 ) and me in the far LR, These mexima ere
agaociated respectively with :~

(i) =a trensition from the highest £illed electron
band (Fig, 15) %o the next (normelly empty)
band, requiring an energy of several electrm-
voltas as in an insulator,

(11) a trensition from en intermediate "seml-conducter”™
level involving about 41 eV, Such intermediste
energy levels are hers produced by squeezing
excess 3 atoms into interstitial places in the

lattice (theory of Frohlich and Mollwo).
The position of this level can also be determined
from the expment in the expression for the
serd~conducting conductivity.

(1i1) a trensition from the full to an over—lapping
conduction bend, requiring - as in any good
metallic cenductor - only a fractlon of an &V,

(2.2) Super-Candnctivity,

(2.2.1)  Experinents,

Hilsch iz greatly interested in this subject an whioh he bhas been
working for the last seven years. He has bullt a simple but very efficient
low-temperature plant with which he can reachliquid -He temperatures within
e hour from starting, and supply sufficient quantities of He to last for
43 hours' experimenting., With this plant he has investigated the oritical
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temperature ("Sprungpumkt”} of various pure metals, (l.e. that temperature at
which super-conduction sets in), also the influence of a magnetic field
(which has the effect of lowering the oritical temperature) and the eritical
current ("Grenzstrom') which sets up 2 magnetic field of such magnitude as
just to balance the extermal field. He also studied the very promounced
effects which some metals have on the critical tempersture even if added In
very small smounts only.

(2.2.2)  Theery.

Def'ects in the latiice similar to those in an ionic orystal which are
respansible for such effects as F.centres {see Sectim 1.3.1) might alse
account for super—-conductivity; holes in the lattice might possibly present -
patha of easy flow to electroms glving rise to super-omductivity., Any
foreign atoms present would temnd to drift into these holes and thus a very small
amount of impurity would be sufficient %o block these paths and destroy the
super-conductivity. If this plcture is correct it wotild be intersating to
produce a pure compound with a large number of holes = of atomic dimensias -
in the crystal. This can be dme either by raising the crystal almost to its
melting point and chilling it rapldly; when a large number of defect centres,
correspanding to the high temperature, is frozem into the crystal; or by forming
a campound at & temperature much below the melting point of its metallic elemant,
For instance, Ct8 is formed at 505°C whilst Cu melts at 1089°; similarly
NN is formed at a temperatwre far below the melting point of Nb.  Both these
compounds show proncunced super-conductivity,

Purther evidence of the ocomnection between atomic holes and super—
conductivity bas recently been cbtained in the U.5.S.R. whem 5n wire could be
produced baving a relatively high oritical temperature (9° K) by putting 1%
under excessively high strain,

14 terature: Bisenmarm: Elektrisches wmd Optisches
Verhalten van Halbleitern, Am., & Phys. 38
(1940), 121,
B, Hilsch: Anlage fiir Verflussigmg van
Wasserstoff. Amn, d. Phys. 42 {1942;, 165.

At



(3) Dr. H. Saghse, physical chemist of Siemens & Holske, His early worlk
concerned the systematic investigatiom of all

(3.1) Metallic Cxddes, their preparation and properties. The most
importent result of this work is a rule referring to the electrical
conductivity of metellic oxides. "Any metal which bas all its valency electrons

completely saturated by oxygen is s good insulator”, “xemples sre:=

Uranium has six electrons in its two outermost incomplete shells, i.e, four in
the 64 (P shell) end two in the 7s (Q shell),

I the compomd UC3 all these six electrmms are saturated, its rezistivity
is 101942 om,

In the compound U0, ("Urdax"), mly four electrans are satursted, leaving
two free for conduction; the resistivity 1s 1 1 om

Indium has three alectrons in the 0 shell (two in the 55 and ons in tha
5p sub-group).

In InpCs they sre all saturated; resistivity 10772 om,

In Ip0 only one is saturated, two are comparatively free; resistivity
1 4% cm,

Copper has eighteen electrans in its last camplete (M) shell and e in the
N SEEIL

In Cup0 this me 4s slectron is completely saturated; resistivity about
1010 7 cm,

In Cu0, enother electron, from the M shell, is also required for bonding;
the shell is then distorted and the campound becomes partly conducting;
resistivity 10% (L om,

Silver, The electronic structure of its N and O shell is very similar to
that of Cu in the M and N shell, Resistivity of hgyC is 106 {2 cm. and of
4gy00, 102 12 cm,

Most metal oxides are rronounced semi-conductors ; their conductivity is
greatly affected by a small exceas or deficit of oxygen compared with the
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stolchiometric composition, ¥or instance, pure NiO, with both valency
electrans of the Wi saturated, is & good insulator (10'0/2 em), but an
excess of 4} of axygen distorts the next complete electrunic shell (M)
somewhet, when conductivity is considerably increased, 10* flom.
Similarly, in Cul an excess of anly 1t of iodine is sufficient to give
vary hizh conductivity. .

Sachse has als=o investigated the megmetic properties of oxides. There
is no camection between megnetic susceptibility and electrical cmmductivity.
On the other hand, Heisemberg's theory implying a relation between ferro-
magnetism and co~ordination number cn the one side, and exchenge forces cn the
other, could be confirmed,

(3.2} Thermistors, {"Thernewid', German abbreviation for Thermal
Negativer VWiderstend),

The well-known "Urdox" type, UOz can only be used in vacuum or in a
hydrogen atmosphere. It may be cperated at temperatures up to 700 or
8009 where 2 amall change in subient temperature has comparatively little
effect Gi the resistivity., Its useful teamperature range is limifed mly
by the stability of the contacts with the external coamectims,

Pure Cu0, another typical semi-comducior, may be used in ordinary
atmosphere. Its resistivity is 10 flem. et 20°C and drops to 1/l om,
at 200°C,

These thermistors are used for compensation of instruments to correct for
the positive tempernture co=efficient of oopper windings, for voltage
stabilizers, ete, They are &lso used for surge protection, where they tend to
reduce the veltage surge owing to thelr large conductivity when
higher currents. However, their lerge themal inertia - they must become hot
before their resistence drops = is rather a handicap in such an application.

(3.3) Resistances for Wireless Sets (volume control, eto, Jo

Standard types of high-olmic value resistors are mede of carbon black,
which is directly precipitated fram the gas. This iz sufficient for ohmic
values up to, say, 10K}, when the wall thickness is about 20 v, For
larger ohmic values still, the layer becomes so thin that perfect contact
between indivicual carbm grains cannot be gusranteed, with the



result of a certain amount of noise, The noise level due to this cause may
be sbout 10 to 20UV per volt D.C, applied across the terminals of the
resistor, (Nolse due to poor émtsct from the siider m=y reach a multiple

of this value, say ebout 1 oV/V, if the wmechanicel consiructim is not very
sownd). A new method of manufacture was, therefore, developed: soot fram

an acetylene flame is mixed with a special lacquer dissolved in Xylol. This
glves & more wniform layer that cen be made ss thin as a £ilm of a few 2tams
thick and still) give good contact between the grains. Por values above

10K , fine helleal grooves were cu} into the cylindricsl wall of the resistor,
and veluss beyand 30 ML can essily be chtained, the limit being about 1,000
¥l in one wmit. The grooves were usually cut with carborundm discs, but
these bad to be changed to fine dlamomd cutters with a bekelite binder when,
for the largest ohmic values, the pltok had to be reduced to = mm, {Z mm,
conducting layer + I mm, gaPS. Such resistors were usually very semsitive to
moisture; for instance, with a chenge in relative humidity froam 20 to 1005,
the resistance used to change by sbout 5 to 105,  With the new coating described
above, ths correspmding change in resistance was reduced to about 1 = LN

The resistors are rated to operate at temperatures up to 1500 without
trovhle, They may be used up to 2209, buit are then likely io drop slowly
in chmioc value, probably owing to slow carbmisstion of the binding lacqguer,

4 rather special design of volume control resistance, as showm in Fig,
15a, uses specially shaped sectians of meteriels with different conductivities
?nd gives)a linear relstionship of the logarithm of resistance with angle
Pig. 16b),

Iiterature: H. Sachser Theory of Ferramagnetic Feaoj as 2 Model for the
Heisenberg Theory of Ferromsgnetism, 237 f. Thys. Chem, 9

(1930}, 83,

Temperaturabhingipge Yiderstinde
{Heisslelter) und ihre Anwendung in der Technik, 3Siemens
z8, 19 (1939), 21k,




Rectifiers

(k.) Prof. W, Schottky, oonsultant to Siemens Halske, is meinly interested
in the development of the theory of comntact rectifiers,

In 1942 he published a paper on cuantact rectification which he considers
to be probably final in its essentialas, He believes the barrier layer in the
semi-conductor, adjacent to the metallic elsctrode to conslst of 2 very thin
insulating layer, about 100 A® thick, On that side of the berrier layer
which is remote from the metal electrode "impurity centres” are ionlsed to a
certain extent, thus producing z clcud of conduction electrons, the effective
thickness of which ¢loud varies with the potential applied to the two electrodes.
This theory is able to explain several characteristica of Se rectifiers, especci-
ally the dbserved change of capacitance with freguency. Quantitative values
for the density of impurlty cemtres at varying depths of the barrier layer can
be derived from such capacitance measurements. The equivalent circult of such
a rectifier, Fig. 17, should emslist of a capacitance Cq of the barrier layer
proper, in series with a resistance R of large olmic value corresponding to
the semi-conductor material, - This resistance is shunted by 2 capacitance
Co which comes into play especially at the higher frequencies, thus
explaining the observed decrease of overall capacitance with i.ncreasmg

frequmcyc

Literature: VW, Schottky: Theorie des Elekironen-rauschens in
Mehrgltterrblrm
d, Phys. 32 2 (1932), 195.
Vere:.nfachte md erweiterte Theorie der
Randschichtgleichrichter,
7S, f£. Phys. 118 (19%2), 535.
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(5) Dr. K, Maier, previously with A,E.G. and S.A.F. has been woridng m Se
- rectifiers, In the latest edition of his book "Die Trockenglelohrichter”,
Majer discusses the following ricture of the Se rectifier, (Fig. 18).
The Ni plated base plate of Fe or A1 cerries the semi~canducting Se and
on top of it a thin layer {about 1,000A° thick) of Se0s to which the counter
alectrode (C.X,) is finally applied,

The electrical formatiom is a cataphorectic process: the applicatim
of en electrical potential difference across the thin layer ofoieo -
about 10~5 om ~ produces a very strmg electric field there, 10° V/cm,
Kow, 5e02, being 2 semi-conductor, has only camparstively few electroms in
the conductim level, which are quickly removed by this process. The electrical
formetim thus producea a thin insulating film of amorphous red Se from the
Sel2 and this acts as the barrier layer, When, in operatim, negativs
potential is applied to the C,E,, electrans in large numbers are emiitted from
it into the insulating film and through the Se into the Fe plate, When,
however, the C.E, is made positive it quickly pulls the few electrans
availsble out of the Se, Thereafter, the layer acts ss an insulator and no
more gurrent can flow in this, the "blocking directiom", Todine or chlorine,
added to the Se in smell quantities, are useful as supplying the impurity
centres required for conduction, They lower the forward resistence by about
30  Small additims of metals easily damage the rectifier by forming
"bridges" right acrosa the barrier layer; especially thalliwm, when present
in the C,E. material even to the extent of 1:2000, will diffuse into the barrier
and demage the rectifier, S.A.F, used to add metallio compounds, such as
CeI %0 the Se in the proportim of 1:104 to reduce the forwerd resistance of
the cell, but this also reduced the blocking resistance to a certain extent,
Maier also tested some Se rectifiers msde by Siemens, Siemens purchesed
their Se, already chlorinated, from the Fimrm of Riedl. On the Se they eveporated
a very thin layer of 8 to act as the barrier, and then applied the C.E,
These rectifiers were as good as those made by S,A.F, except that, when
switched an, they passed a very large reverse curremt for = short period
(during which formatim obvicusly took place),

S.4.F, found the Se as supprlied by Riedl not pure enough, Impuprities
of As, Ag and Cu always being present,




They, therefore, purified the Se themselves and were only satisfied when they
had reduced impurities to below 1:106, so that they would not swemp the
effeot of intentimally introduced admixtures {concentration 1:104, see above),

Literature: X. Maier: Physik und Technik der Trocksnagleichrichter, A.f.E.

g (1338}, 799.

Ein Beitrag zur Theoris der Arbeitsweiss wvon
Sperrachicht - Trockengleichrichtem.. A.E.G. Report, 1937.

(6; Prof, R, Brill, of LG, Farben (Oppau nx. Ludwigshafen and T.H.
Darmstadt), specialised in X-Ray work, and greatly improved techniques by

producing & very fine beam of X-Rays by various collimating devices, Some
of his cutstanding research cuncerned: -

Electron Density distribution diagrams for various compoumds $0 a higher
degree of accurscy than hitherto availsble,

Yalency: The minimm electrm density along the line between two neighbouring
atoms & campound supplies information about the type of valaney involved,

Catalysts of submicroscopic size: Thedr approximate size and shape could be
obtained the width of Debye ~ Scherrer rings, This work was of '
Particular importance in the wmderstanding of the actim of catalysts, so far
largely unexplained. One important application was, e,g, the activatim
brocess in the menufacture of NH3 by L.G. Farben, ‘

Soap Films on solid surfaces: Investigations by electrom diffractiom
technique of & thin scap film gave a closely packed hexagonal pattern, i.a,

tne according %o chains of cylindrical cross section, although the chains
themselves were knovm to have a flat rectangular cross section. The conclusion
reached was that these chains attach themselves to the surface but are free

to rotate about an axis through the point of attachment and perpendicular

%o the surface,
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terature: R. Brill: X-Ray Analysis of Metallic Msgnesium, Amn, 4

Thys. &1 (1%2), 37

X-Ra{ Fourier Analysis of Quartz.
Armm, 4. Phys. L4 (1942}, 233,

Journ, prekt, Cheme 161 (1942}, 49.

Roentgen Untersuchimgen an Se
Gleichrichterschichten. Deutaches
Lfffahrtministerium 194,

Study of Chemical Linkeges by Fourler
Analysis, Naturwissenscheften 27 (1939), 676.

(7)  Dzr. H, Krebs, a chemist by treining, with I.G. Farbem.

(7.1)  Crzystel Structure of Se,

At the T.H, Darmstadt, Krebs developed, at Prof. Brill's suggestimm,
an X-Ray reflexion method to cbtain photographs of high resolution and
appiied this to the investigatim of the -structure of Ses The results of
this work ocan be stated as follows:-

Se, vhen grown on a plane surface, mey exist in either of two siructures,

(1) a closed chain of Se atoms in a plane perallel to the basal
surface, or

{(2) a long strsight chain perpendicular o that surface.

. (4) 1is the more stable form at lower and (2) at higher temeratures,.
The transitim point between these two textures for purest available Se

is somewhere between 80 and 90<C, There ig some indicatia that texture
(2) is respmsible for weak spots in the barrier layer of Se rectifiers,

7.2} Heet Trestment of Se Rectifiers,
This has the effect of changing the Se from the amorphous {high
resistivity) into the crystalline forms A further heat treetment (temper:r.ng)

is required to reduce the number of defest centres to a certain optimal
figure,
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If this treatment is continued too lang it tends to clean up those centres too
far, i,e. the Se is transformed into en almost perfect crystal, which, owing
to the lack of defect centres, has a very low conductivity, insufficient to
carry the current in the forward directiam,

(7.3)  Addition of Impurities

Addition of impuritis into the Se changes the length of the Se chains,
i.e. the degree of polymerisation and hence the rate of crystal formation,
shorfer chains belng able to adjust themselve: more readily into the crystal
array then long omes, The polymerisation is strikingly demmstrated by the
very great increase of the viscosity on addition of e comparatively small
amount of impurities, The particular effect of each type of impurity depends
largely m its electro-nositive or —negative character as the case mey be, the
most definite changes being cbserved om the addition of alkali metals on the
one hand, or of halogons en the other, Either of these, owing to their
pranounced electro=valency can e2sily saiurate me bond of a Se atom and thus

break up the long chains, Chain length is graduslly decreased as more of these

impurities are added,

Literature: H, Freba: Struktur Untersuchunzen en Se-Zleichrichtern I,

15,

.P
(3, Dr, ¥, Foch of A.E.G. Rectifier Works, Belecke,

The 4. E.G. had developed 3e rectifiers before the war, and had storted
large acale production by 1939, Troubles were som exparienced and research
into the rectifiers had %0 be re-started. This was caorried m in several
different directions:-
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' Drs. Koch, Herbeck and Bosch were 2lso interviewed independently by
Mr. A. C. Lynch, whose notes were compared with those of the author and are
included in Sectionsg 8, 9 and 10,



(8.1) Measurement of Capacitance,

According to Schottky's theory (sse Section L, this fumnished
information on the distribution of impuriiy centres in the barrier layer.
The effect of adding wvarious chemicels, such as alkali or other metals
(T1, Hz, etc.), and of balogens, as well as the effect of various heat
treatments could thus be directly observed. ith increasing ~urificationm,
the conductivity of the Se rose to » certain maximum, bey.nd which it
dropped again owing to the lack of comductivity centres, FPurification
was always continued well beyond this point of meximm conductivity., Only
after this was reached were certain elements sdded in cmirclled amoumts. _
The A,E.G. concemtrated on the addition of Br, S.4.F. on J, Siemems on =0
01 or on the addition of metsl compounds. The amount of halogen added must .
not exceed a certain value, because then not mly would the conductivity be L4 5’7
decreased but slectrolytic effscts might also set in and produce excessive
aging. 4

(8,2) Crystal Structure investigetions by X-rays and by the electron
microscope.

X-ray investigations wers described in Sectiom 7 above, and the Electrom
M eroscope work was done by Drs. Mahl and Seelipger, The results demomstrated
the influence of warious forms of heat treatment on the crystal structurs
of the S= at its boundsry with the base plate, though the external surface
did not seem %o change much,

(8.3) Chemicsl Analysis.

Thls bad ealy been plamned, but owing to the smell amoumts of impurities
invelved, the troblem presented formidable difficulties and no practical
results had yet been dbizined,

(8.4)  Comter Electrode {C,E.).

If the backing elsctrcde 1s removed mechanically, and the Se then dissolved
away in sodium sulphide or potassium cysnide, the C.E. is found teo have on it
a thin layer, believed to be a selenide, The thickness of the layer
28 shom by its colour, varies with duration and temperature of the forming
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treatment and effects the forward resistence of the rectifier, The layer may
be elther an excess or a defsct conductor,

Dr. Koch thinks that the barrier layer exists in the Se and that it is in
contact, not with the C,E., but with the selenide layer., The importance of
the CG,E, material is, therefors, in i%ts chemical Properties; and there must
be sufficient, but not excesslve, formation of compomds,

The type of material used for the GZy is not very important, but there
are same definite effects essociated with each of them: Cd, e.g., seemz to
rrevent aging,

Yhen the C,E., is evaporated oz, the tempersture of the Se is higher than
vwhen it is sprayed on, snd the contact is intimate: the reaction therefore
goes too far, A G.E. formed by the evaporating process seems to impede the
electrical forming process, The blocking resistance with evaporated C.E, is
initially (i,e, before forming) very kigh, but soen falls, A layer of Sely
applied before the C.E., helps to prevent excessive reactian, The electiical
forming process normelly results in considerably increasing the reverse
voltage the cell might withstand: often the voltage could almost be doubled

thereby. The critical peremeter in forming is probably the voltage and not the

total quantity of electricity, since only a part of the current is used in the
forming process,

"Porming”is the productia of a double-layer a$ the interface; and the
rectifications process involves both this and the Schottky space-charge effects,
It is known fram capacitance measurements that the number of "Stérstellen” is
. increased by forming, Forming with s2lternating current shortens the time
© required since the tempersiure is raised during the forwerd half-cycles,

At the backing electrode, Bi is evaporated to Prevent the formation
there of a blockdng layer between the Se and the base plate. A complete
chemical reaction betwser the two has been confirmed by Brill, who identified
The compound a2 BisSes (or NiSe). It has since beer fomd useful to
evaporate the selenide directly en to the base plate before applying the Se
pProper, Dr. Eoch thinks that other manufacturers have used a layer of
grapbite for the same purpose,
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Idterature: VW, Foch: Fhysilalische Probleme der Se Trockengleiclrichter,
Lecture at Mmchen, 14/5/1943
Tber dem Aufbau der Se Jperrschichten. Lecture
at Prag, 11/4%M,
S5e¢ - Glelchrichterfertiomg,.
1/ 10T,

(9)  (Mss) Dr. M, Herbeck worked cn the development of Se rectifiers in the
fieBaG. wnder Dr, Koch,

(9.4) Time Constant,

Se rectifiers carmot generally be used for frequencies higher than a few
kilo-cycles. One of the main purpozes of Dr, Herbeck's investigatioms was to
find means t¢ reduce the time costant T of these rectifiers so that they could
be used for higher fregquenciss, say up to 100 Kofs.

As T =RC
where R = forward resistance (measured at iwo volts)
and C = capacitance (at zero voltage),

it was a guestion of reducing either of these guantities without increasing
the other. For instance, with incressing thiclmess of the film, R increases
and C decreases spproximately in direct proporiion, hemce the iime castent
vas found to be elmost indepmdant of the thickness unless the film was made
very thin, i.e 2 few atoms thick, {Film thickmess was determined by direct
weighing of the material befere evaporation or by depositing it from a known
volume of a dilute solution, the soivent bsing subsequently evaporated).
Film thickness was varied fram a few up 10 several hwmdred atomlc diameters,
In, Bi and Sb, when used as C.E., gave a lower time constant than any other
metal. Very thin films of an insulating varnish of low perwittivity

were also tried. They increased the resistance considerably although they
also reduced the capecitence somevwhat, but, in effect, the time comstant was
foumd to have been reduced to about 1/3 to /4 of the nomml figure,

.



(%e2, Comter Electrode,

Various pure metsls, evapomted on, wers used as counter-electrodes.
A layer only a few atoms thick govermed tle properties of the rectifier, even
if it vere reinforced by a bocking of some other metal, Bi, 3b, Te, Au, all
reduced the threahcld voltage Vo a8 defined in Fig. 19 Sn was esvecially
good, but only Bi gave a really low forwerd resistsnce. Ge produced & high
reverse resistance, These effects are perheps due to a chinge of contact
potential according to the density of defect electrans. The contact notential
may be that due ic cerfain coampounds, for instance, selenides, which might be
formed during the heat 4reatment. The resultant distribution of defect
electrons, after Schotilgyy's theory, wes investigated by meens of an audio-
frequency bridge dsveloped by Dr, Herbeck, and is shown in Fig. 20 for a
normel rectifier, (curve a,} as well as for one with an intemediate
insulating film, (curve b). :

{9.3) Treatment,

The mnly effect of heat treatment is to produce the required crystalline
form of 5e, The electrical formation probably results in shifting defect
electrans out of the barrier layer, thus increasinz the reverse resistance,
Forming with reverse D,C, 1s preferable to 4,0, because of the reduced losses
and heating, Unduly long forming periods increase the forwerd resistances
Breakdown vcliage of the film may increase with forming from about 10 to
approximately 20 volts, but not much further, ¥ith an intermediate insulating
layer, forming is wnnecessary and breakdcwn voltage may rangs fram 40 to 60
volis, but this is 2ssociated with a higher forward resistance as well,

Perfect contact between the Se and the C,E. is essential, hence the latter is
nermally sprayed o, The material used for the C,E, should have a low melting
point to prevent over-heating of the already treated (crystalline) Se during
the spraying process, However, the low melting voint of the C,E. also limiis
the permissible operating tempercture of the rectifier,

Literature: We Schottlgr:  Phys. 258, 41 (1940), 570,
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(10) Dr, G, Bosch of the AR, G./P, L. {(Research MSti‘tute), hed baam
interested in growing single crystsls of Se, and, subsequently, in the
investigation of Se rectifiera,

Vorking with wery purs Se which was dbisined by repeated distillation,
he found that the resistance of & rectifier in the formrd (codusting)
directian degreased with higher purity, but iits permissible current lcading waas
thereby decreased,

Working with HEg-diffuesion pumpe, Bossh encomtersd difficulties with
Hg vepours: he famd that they "poismed +the e orysials by forming an
smalgem which seemed to atlack The crysial sdges first, The Eg also seamed %o
react with the Al hesze plete end o lead 4o the formtion of hydraxides which
sericusly interfersd with reetificetion,

At the interface beiwsen the Se and the comier elecirofe, Bosch noticed
thet diffusiom tock Dlsss, espac..&*g: betwem S2 end G4, which seemsd %o ferm
a mumber of different compoumds such as Cde; uﬁe:;g 1S, , giving rise to some
iepic comduotivity, Such a 3iffusioan of 04 or Cu into the Se can be cbhserved
under the micresuape, at very high pressurs, (1034' stmospheres} it osours
within a few hours.

Gd iz the moest wselvl corpament in the allagys used for comtber-elseirodss,
and i%s replaceunsnt by sny other motal geve inferior rectifiers. Whan
forming a comter—elestrode by eveparation, the {yp=s of deposii dlained
depends on the medtel uvsed and on the tamperature of the rectifier diss. Rare
metals such &s Au, Ag, Tf, give good films, but base metals, such as Zn, C4
o 31 dgrete over the surface If deposited at ordinaxry temperstures, and give
meven £ilms, This effect was denonstrated by mesking: 2n, Cd, Pi could
mgats into positioms under the mask, Betier films were chtained by coeling
the diec with liguid eir, This imvolved enclosing the dise in a container of
inert gms, cooling, snd then omping out whils the rectifisr remeined cold;
cooling by conductim =nd redietia mly wea insufficient,

P these precauiians are taken there 1s llitls differmes between the

rerformence of svaporsted end spraysd comtber-elestrodes,. provided thet satisfachxy



cantact can be made. Comtact to evaporsted films of Cd, In or T1 wes mede
by subsequent spraying with Woods' metal; this geve very good results,

Bosch has developed an electrical forming process of extremely short
duration: he charges a large omienser, about 50 uF, up to 400 volts and
discharges 1t In the "reversed" direction into the rectifier. This "bums
out” weak spots; there is, however, some dsanger of also burning the thin
film used as the C,E,

Bosch's work was later taken up by Dr. Herbeck, whilst he went over to
photo-electric cells and imege converters,

Literature: C. Bosch: Eerstellung von Leuchitschirmen.
A,E.G. Reperi, 1/10/154.

(343 Dz, F. Waibel, physicist with Siemens Halske, hed studied varicus
types of semi-conductors, minly czides snd suiphides, for purely scientific
reasans, In 1935 Siemens experienced difficulties in the memufacture of

(1141)  Cuprous-Oxide Rectifiers, when rejects of copper plate alme
had risen to about _‘5% Waibel traced the difficulties to two causes,
(1) Pine surface cracks ("Querrisse") in the Cu ingots which got covered
up in the rolling process but gave irouble when used for rectifiers, and
(2) "Hydrogen 1llness" ("Wasserstoff Verkrenlmg') arising oub of en
wmsatisfactory intermediate ameeling process, These difficulties were
overcome {1} bty milling off the surface layer of the Cu ingots, and (2)
by the develorment of a new eiching technique, Rejescts then dropped %o
about 5 - 10, a figure more in line with other manufacturers' (e, g,
Weatinghouse) experience,

Subsequently, Waibel tock charge of the manufacture of rectifiers.
Ee 1233 dowr very definite inmsiructiops covering every detail in
the menufacturing process, and these instruetions had to be very strictly
adhered to,

~25=



This particularly applied 4o cells to be used for metéring Instruments and
for high frequency work,

(11.2)  Aging.

Scme trouble had been experienced from the aquadag which was used o
stop the formatim of & blocking lsyer at the "neutral" contact, This was
overcoms by using a silver coating instead. All rectifiers were subjected to
a thermal aging process at the Works, Prom seven years' experience with these
cells, further sging in operatim was fomd to be less than 5%, i.e. the
forward current a2t a given voltage did not drop to less than 95% within
that periods,  Modulator cells were even kept within 3f. Opersting temperature
should preferably not exceed 50°C becsuse of the danger of instability at higher
temperstures, However, in some exceptimal cases mush higher temperatures,
gven up to 509C, might be permitited. The temperature co-efficient 1s
1, 2% per °C for forward epd 5% for reverse resistance,

{11.3)  Cu,0 vs SeRectifiers,
Cus0 rectifiers are preferabls o S types in the following fields:-

(4) For use in Instrumepts: Such cells are anneeled to give
highest conductivity, They are only lightly loaded, both
with regard to forwerd cwrront and reverse voltags
{(ebout 2 volts per zell), The leakege cwrrent is thus
very low, especially when secaled into sawe ceramic fubing
ag protection from humidity in the aimospherse,

{2) PFor use in very Low Voliage circuits: Thelr forwerd
drop is much lower than for Se rectifiers, and they are the
only type that will give ressonable efficiency.

{3) For use with High Frequemcies: These rectifiers have been
used up to 100 Ko/s, but mey be suitable even up %0
i Y/s. They have been fomd to be stakle even at these
elevated frequencies, Se rectifiers have a much larger
cepecitance, and cen thus be used mly for lower freguencies
{up to 3 K.cj beyond which they would become unstable,



Continuous loading with D.C, should be avoided for this as for all other
types of ecntact rectifier. The conductivity in all these rectifiers is to
some extent ionde; »prolongsd upidirectional current mey lead t0 some chemical
reactim which would tend to form a high-resistance layer, i.e, give rise to
excessive aging,

(11.4) Theory,

Cus0 vwhen very pure is almost a perfeot insuletor, as most other pure
imie erystals, By the use of special high-vectum tectmiques ensuring the
remcval of all excess acygen, Waibel bas actually Eroduced Cuz0 films up
to G5 mm  thick and of resistivity as high as 10’2 Nl om, Due to the
hizh wmobilily of the cuprous imms Gub in the interior of the C"u%O erystal,
they can reach the surface easily, In an O atmosphere they then cambine
with the axygen cn the surface, leeving behind, in the interior of the
crystal, places deficieny in Cu" (or with an excess of 0=}, At these
places, cupric aride Cu™*0= is formed which is & conductar, Tt is these
"impurity centres" of Cul that are respmnsible far the caduotivity in
the "barrier leyer”, This canductivity is almost eniirely electrmic,
carrespoanding to positively charged electran = cr "holel)caduction,
Waibel hes meesured the distribution of these impurity centres as they penetrate
into the OwyC, by elching off, siep by step, thin slices (=beut 1/1000" thick)
of the £ilm ai a time, He then fomd the reistiviiy o drop fram 10% oo the
surface to about 408 Ml.om near the metallic Cu, Rectificaticm ceases when
the volfage aprlied to the barrier layer produces an sleciric field exceeding
a certain criticsl value (2bout 105 ¥/cm, 1,6, ebout 30 volts mn 2 film of
3 w thiclmess). Owing to the mobility of the GuF ims, the conductivity there-
after rapidly increasss and the berrier layer bresks down,

Literature: F, Waibel: Die elekirische Leitfihigkeit des CupO in
Thndnglgkeit van der Warmebehandlwng, Wi. Ver, Siemens K,
a0/ (1931), 65
Uber den Aufbau der Sperrschichi beim CusC
Gleichrichter, Wi, Ver, Siemems %, 15/3. (1936), 75.
Die Bestimmmg des On Gehaltes van Cu, Wi
Ver., Siemens K. 15/3 (1936), 87.



(12} frof, P, Gunther, physical chemist of Nihigsbers and 32reslau
University, now with Siemens,

A general survey of rectifiers and semi-conductors, started in Germany
during the war, aimed et finding well defined crystals ussful Por rectification.
Many naturally occurring sulphides hzve long been kmown o sct as detestors,
but their behaviour has alweys been erratic snd it was, iherefore; decided
to synthesis¢them in the laborsiory. The first experiments ware mede with
the

(12,1)  Synthesis of Pyrite Urystals. (FeS

-~
4

It is seen from the vepour-pressure curves of 3 and of 7 8o (Fiz, 21)
that the vapour-vressure of S exceeds ths disinterrztim rressure of Febo
at all temperafures below 770%. Heaiing a mirturs of Fe o Feb with 3
et lower temperatures will, therefore, 2lways produce Felne To asgelernte
the reactim a temperature of about 7207 is mairiained &5 %he nrocess,
As & result, volycrystaliine FeS, is obtained from 4 tic, TFor
experiments in rectification, however, much liorger zingie orvstals vere
required, and it vas eventually foumd that suzh crysials coull be rom oub of

b

a melt of Fby in FeCly or in Felr Crystsls obtained in thet way could

- never be obtained as enalytically Pure Fabs, but there was zluars a sertain
small amount of free S present which greatly influenced its slestrical

properties, The type of elecirical comduction - oxcess or deficit
eonductivity = and the polerity of rectificsiicn seem %o chenigze sign when
there is either an excess or deficit of 5 in the ztolchiometric compositiom
{" amphoteric conductim® ). A meximum of rectification was, for instance,
found with about O,4% S, but it wes almost impossible o determine
quantitatively the amount of excess § to an accuracy better than, say, 5,2
or O3 Generally the effect of free S o the electrical vroverties
swarps all other effects such as intentionally added other immurities or
materials used as C.E., etc., so that sventuzlly it wes coneluded that
pyrites were not, st present at leesy, ¢ materisl suited for electrieal
investigatias of & famdsmenial neoturse,

(12.2) Pure Silicon Srystels.

These were producsd by the reduction of 51CYL, by means of carbom in the
presence of aluminium, This method has the advanisge of working at temperatures




far below the melting voint of Si (1420%C), Small bits of pure Al were

placed into a boat which was put near the closed end of & horizmtel

cuartz tube. Adjacent to this bozat, a large number of amall carbom rods -
1.45 mm diameter, 8 mm long -are stacked, with their axis parallel to that

of the tube, This quartz tube is open at one end and is placed inteo an

outer quartz tube open ai both ends, which is heated electrically by » winding
arrenged so a3 %o concentrate its heat near the aluminium, One end of the
cuter fube is comnected to a small bulb containing 5iC1,, the other tc a vacuum
yung, The wheole system 1s first evacuated, with the 5101, kept at a very

low temperature; +the oven then heats the A1 to about 820°C and the temperature
of the SiCl, is allowed to rise up to about - 109 when i%s vapowr-preasure is
appraximately 30 mmlg, A reaction then sets in between the Al vapour and

_ the 3iCly vapour, reducing the chloride to pure Si which is given off in the

atomic (quasi gasecus) state and sublimes on the small carbon rods nroducing
a layer of a few thousandths of an inch in thickness, Rectification being
a surface effect, this thicimess is quite deep enough for detecters; these
are made by simply breaking each carbon rod in two, one comtact then dbeing
established m the broken carbon face and the other on the Si opposite,

There is always same Al left in the 531 from the resctiom; its amomt has
been cetermined by Ziegler at Breslau University from the absorptim of light,
Rectification was cbbained only within a definite range of Al content; with
en impurity of less than 0.1% the 51 had » very high resistance in both
directions, with more than 2% it acted as & good metallic conductor,
Rectification was confined within these limits but the best results were
cbtained between 0,2 and 1.0F of AL, This rather contradicts Schottky's
theory whereby an impurity amounting to 1:105 should produce best
rectification,

Tyrical values of the electrical resistance were anvroximately 100 ohms

in the forwsrd and 10,000 ohms in the reverse direction, breakdomwn voltage
varied between 10 = 30 volts,

Literature: P. Gunther: Kinstliche Detektoren (FPyrit, Silicium), 41947,
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(12) Dr, H, Konig, previcusly of T.H, Danzig, now at GSttingen University,

Befere the war, he was working on thin films ana their application to
mirrers. At the start of the wr, Herr Welksr of Mmich had ohiained
rectification with S41 and Ge crystals when in contact with a2 thin W »oint,
Owing to the scarcity of Ge, Kinig tried to use thin films of Ge in rlace of
the crystals, Purest aveilsble Ge vas obtained from Messrs, Fronke of
Frankfurt 2,15, and films of seversl hundred Angstroms were evaporated
on glass and molybdenum surfaces, Electran diffrectian pictures showed
a disorderly arranzement of small tetrahedral crystals which, on heating %o
500%C, assumed 2 more regulsar pattern, Wo rectificetim w3, hovever,
obtained with these films; the only apperent difference fram Wellker!s arrangs=
ment was the size of the crystals, iCforts to obtoin larger crystals by the
evaporatim method failed, Zventually, it was found that by reducing
GeCly , similarly as described in the previous section for 8101%, but using a
stream of hydrozen as the reducing agent, the size of the crysfals chtained
could be varied from about 1/100 to 10 p by varying the speed of the hydrogen
stream, It was then found that with crystals larger than 1 i, rectification
c¢ould be obtained. A contact electrode of very thin tungsten wire wms
used, etched domn %o a few ¢ in diameter, Konig thinks that rectificatim
with such crystals can only be obiained when the crystal size is of the sspe
order of magnitude as the contact whisker, but he has no conclusive evidence
for that opinion,

Idteratures H, Welker: :{i'ber den Spitzendetsltor end seine Anvendung ztem
Nachweis von om Tellen, Jatirbuch 1951 4, deutschen
Luftfabrtforschung 3 111563/48,
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Photocells

(14 Irof, N, Frerichs of the Kaiser /ilhelm Institute, Berlin-Dahlem and
T,U. Perlin-Charlottenburg, has been working for the Usream Studiengesellschaft
fiir elektrische Beleuchtunz, on the development of new types of light

sources and has taken a special interest in phosphors, when investigating
mixed orystals of Zr5 and Ca3, he fomd the ZnS to be more sensitive to blue
light = its meximm sensitivity lies =% £,200 A = whilst CE was more .
sensitive in the lmg-wave (red-light) range, hence very useful in cayjwctim
with incandescent filament lighting which always contains a large proporticn
of lamg=wave roediations This i vestigetion led %o further work on &5 and
its avplicatian to photocells, The work wes speeded up during the war, when
Frerichs joined the A.E.G., in 131, with special applicatiins for fire control
of fighter planes, ebe,, in mind,

(14et) CE Thoto-Conductine Cell,

C& crystals are prepared by the reaction of HoS gas with Cd vapour,
Clear yellow needles of the crystal are fomed, about 10 x 2 x 2 mne in
gize, Aluminium elecirvdes are soldered am to twc oppesite lang faces of
the crystal, leaving an zrea about 10 mm long by 2 me distance between
electrodes free for i osure, In the Cg.ark, such a orystal iz & very good
insulator, its resistance being about 0¥ to 10711 .  When exposed to
daylight, its resistance drops to a cozpsratively low value, about 10471 ,
The value of the photo-curvent iz not unijuely deterdned by the amamt of
light falling on the cell, i.e the rhoto~current does not resch a
saturation value when the voliage across its terminzls is incressed, but rises
vroportimally with it until thermsl effects begin to set in, In other
words, it is a case cof internal seccndary photo~electric emission with a
quantum yield much larger than 1, i,e. many electrons are liberated into
the conduction band by each ohotone C& orystals may thus be used for very
convenient and robust photocells by simply connecting a D.C, voltage of,
say 20 volts across the crystal, with a simple milliemmeter in series, no
specially sensitive instrument or amplifier being required, The resvonse
of the cell extends far beyond the visible into the U.V, and even to X-Rays.
It can, therefore, be used to bulld o very simole X-Ray dosimeter,
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An application of ttfze cell for milifary purposes, “hat did not, howavser,
materialise owing to the premsture’end of the war, was as the detector element
of an sutomatic flre contrel unit for fighter planes operating in daytime,

The objective lens of a telescope throws light from the sky on to the
photocell,  Any sudden ohange in the illumination such as is produced by an
approaching target, can be made tc irigrer off the fire comtrol., 7ith the
characteristics of the O cell as described, such a device can be made very
sensitive,

Some experiments were also made with C35e and Cdle cells, the sensitivity
of which extends to larger wavelengths, even into the IR, They are, however,
mich more difficult to manufacture and special precautimms have to be taken
owing o the poisonous nature of the reactim products,

(1%2) 115 Photo-Voltaic Cell,

I.R, detectlon methods can broadly be divided into two classes: the
first method uses the heat radlation emitted from the target according to its
surface temperature, This entails detecting radiation of fairly lang
wavelength, The exzet intensity distribution of the radiation depends mainly
m the surface temperature of the farget: e, g. for a temerature of 50090
the intensity has its meximum at o vavelength of 3.73 4, for 250%C at 5,50
and for 0% at 10,56 o The best-knon comounds exnibiting photo-
conductivity under such radiatim are those of lesd, as for inst-nce
PbS, PhSe and File,

The seccnd method mentimed floods the target with LR, radiation from o
specisl source, This may be an ordinary incondescent lamp, the visible
rodietiun of which is held back by a low-pass filter with a very sharp cut off
somevhere near 0,7 w, the red end of the wvisidility limit of the humn Ry E,
In such cases the I,R, rzdintion used will hove its maximum intensity in
the near I.R. and photocells with miximum sensitivity in that regim -re
requireds T18 is nuch 2 substence, its photo-emission having a maximum
res=omse for radiation of about G, 9k, In 1923, Nix in the U.5. described a
T15 cell which, hovever, was rather difficult to TrOoduce, Tl is
eagily oxXydised and Nix used cuaplicated vacuum techniques o overcome
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that gifficulty. TFrerichs has developed another method by maintaining a
continuous £low of hydrogen over the Tl uniil it is suifided by a stream of
H{. Such 775 ¢ells were ambodied in equipment "Flamingd" for use in
U-boats, They consisted of an I.R. searchlight with & rotating mirror
and & TIS detector and amplifiler, the ocutput of which was fed to o cathods
roy dlsplay tube with circular time base, Targets could be detected at =
range about 10 times bigger than that at which the U-boat itzelf could be’
szen by the red lizht which the filter would pass,

Litersture:r R, Frerichs: Uber die Fhotoleitung des reinen C& L
AE,G, Report, 1%k, Messung von {>und § Strahlen
durch imnem Photoeffekt in Kristallphosphoren,

Watur Wi. 33 (1946), 251.

Uber die optischen und elektrischen
Eégemschaften des reinen CaS,  Nabvur Wi. 33 (41%6),
281,

{15} Dr, M, Treu wag assistant %o Prof. Gudden of Erlangen University,
the pimmeer in photo-eleciric research, who died in 19%5. In 1935, Treu
wrote his doctor's thesis on "Photo-Electric Properties of TBS" which was
kept secret at the request of the C,KW, (Germen High Commend), In

1936, Gudden obtained a coptract from the C.E.W. to start a special
laboratory {called S=labor) for the development of Infre-red resesrch, and
Ireu was detailed for this work which was transferred to Prague in 1939,
aftexr Czechoslovakla had been overmm,

(15.1) IR, Photo-Conducting Cells,

He flrst developed a chemiocal process for the manufacture of Fbs cells,
based on the Swiss patent of Grutzmacher, This process was zbandmed in
1938, ard Treu went over to the evaporatim process which was brought to
completion during the war and was handed to Zeiss for menufacture of the
cell, Thereafter, Treu turned to PiSe cells which have a sensitivity
stretching farther into the infra-red, up to about 5p , He started
off with an old U,S5, patent, taken ocut by Case in 1915:..
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In the process as finally adopted, the purest aveilsble Fb end Se (pearls in
the red formation) was used and brought 4o reaction in vacuum 2t a high temperature,
The TbSe so obhtained was hested again to drive off any excess Se, The pure
PiSe was then evaporated on to a hested glass pleate, ocygen being admitted in !
the process to produce the defect centres in the lattice necesssry for |
photo-conductivity, (Oxygen can easily replace the Se to which it is closely !
related, in the PbSe lattice without introducing unduly large distortiams). |
The supply of a very small amount of energy, as e,g. by photons of LR. wave- !
length is sufficient to raise electruns in the immediate nelghbourhood of 31
such defect centres into the conductio bands. !
|

(15.2)  Operstion and Testing.

Small areas, about 2 mm square, of the photo—canducting £ilm were used
for testing. The resistance of such a film between two opposite edges was
about 105 ohms, A D.C. supply voltage of about 10 V was caomected across
the cell wlth a load resistance of similar ohmic value in series, An amplifier
of lerge band width was used to measure the voltage variation across the load.
The "noisd" of the cell, i.e. the amplifier ocutput voltage, with the cell
covered up to keep out any raddation, is plotted in Fig. 22 against the D.C,
supply voltage (curve N), For low voliages the nolse is feirly constant
(part =) probably corresponding to Johnson noise; it is sbout 6 «V for an
smplifier of band width 30.10,000 o/s, With hizher supply voltages, the I
nolse rises at a fairly castant rate {part §). This part of the noise |
is probably due to the semi-cmducting nature of the cell, If the voltzge is
increased beyond point A, the electric field in the semi-conductar becomes !
sufficiently stromg for imisatian by collisim to set in which will create
additicnal neise, When oparated beymd this point, the cell is likely to dbe
demaged,  Measurements were, therefore, usually carried out in the range '
/4 where the ratio S/N is fairly constant (= 10 approximately).

Having now found the nolse respmse, the cell was irradisted from a
constant source of light, the beam of which mas Interrupted 300 times per second,
The respense of the cell to this "“signal" (curve 8) was again plotied
against the supply voltage, This zave nearly a straight line up to the
roint A vhen the respomse started to flatten out,




This is due to a decrease in the nurber of defect centres available for
carrying the signsl, i.e. for photo-electric emissio into the cmducting

band, as soon as imisation by collisim sets in. The intersectim of curves
¥ and 8, (S/N = 1), corresponds to the practical limlt of Getection with

these cells, It was fomd more conmvenient to adopt this method rather than to
vary the intensity of the light beam wntil S/ = 1, as this would have entailed
varying the distance between cell and sowrce over a largs range, Varying

the intensity of the source might have affected its spectral distributio,

With PhSe cells, a body of 3009 surface temperature could be detected dirsetly
by its heat rodiatim when twe metres away, the radiatiom in this case giving

a signal equal to noise. Much cooler bodies (even the heat from a human
bodyl ) could be detected at a distance of 20 metres by the use of a mirrar

of 60 em diameter,

Literature: M, Treu: Elektrische u, lichtelektische Uniersuchun-en

2 Pbs, Thesis, Erlsnzemn, 1935.

(16} Dr. . Schaffernicht of A4,E,G, Valve Works, Clausthal,

‘'hen working at Msrburg University under Prof, Tamascheck, he became
interested in photo-electric effects. In 1934 he Joined the A.E.G, Research
Institute, in charge of "Apvlied Electronies”, During the war his main
vork was the development of image converters ("Bilawandler” ), which reached
a. high degree of perfections, The I.C. has been described elsewhere, =0
only a short description will be given here,

(16.1) Image Couverters using Photo-emitting Cathodes,

The I.C, consists of a photo-cathode, usually CspO=Ag, on which an optical
(I.R,) image of the target under cbservation is formed. Flectrans emitted
from the cathode are accelerated by a potential difference of 20 KV and pass

—35 -



through specially shaped electrostatic fields which act as an electron-vptical
lens system, All electrans emitted from any me spot of ths thoto-cathode
sre thus brought to foous o a fluorescent screen on which an image of the
object is thereby made visible,

(a)  The photo-cathode has its maximm sewsitivity at oS p with a
threshold at 1 u , 1l it is sensitive to the near infra-red. Far
meximum contrest of the image, ‘emission from perts of the cathode vhich are
not illuwmnated mst be reduced to a minimum, This is done by preventing

() thermal emissian, by cooling with solid COp or, in special cases,
with ligquid air,

(&) electric field emissim by keeping the slectric field strength a%
the cathode surfzce very low, at about 100 V/cme

(b)  The acceleratiom of the electrons is dome in two steps, l.e. with
two anodes in series, the first bringing the speed of ths electron up fo about
9 KV and the second to full speed, about 20 KV, By such neans the 'tigckground
intengity wes reduced to 102 Apostilb a2t room temperature and to 107° when
being cooled by liquid air. The latter figure goincides with the minlmom
amomt of illuminstion visible to the eye, i.e. there is no peint in reducing
the background any further,

(e} The flucrescent screen is mede of very fine grain = about 4
average size =~ of 7ns or Cas powder. The thickness of the layer is made
such that the whole energy of the impinging electrams is absorbed in it, l.e.
approximetely 10p for an sccelerating voliage of 20 KV, On top of the
fluorescent layer, i.e. on the side facing the cathode, a transparent layer
of Al, 0.1 thick, is eveporated. This vrevents the screen from charging
up, and also increases the intensity of the imege by secondary emission. It
also acts as a protectim of the zcreen from Os vapowr given off by the cathods.
Such vapours would greatly shorten the life of the I,C.

The resolution of such a screen is about 20 m, or, with the finest
available grain, about 10 B



{a) Sensitivifty. Vith the I.C., fargets could just be lgtec‘bed vwhen they
produced an image of rathatlon intensity of appraximately 10~ o’ at the
cathode. A black body of Z00MC asurface temperature, e.g. gives O'F‘f near
infra-red radiatim of sufficient intemsity.

(e) App_li.cati% Imagse converters were used for

(4) signelling with Ik, light socurces invisible to the
enays

(2) ctservetion of targets illuminated frem an L.R.
"searchlight”,

(3] observation of targets by their owm IL.R. (heat)
radiaticon.

(16.2) Image Converters using Paoto-Conductors.

The res>mse of vheto~cmductors stirstches farther intc the LR. than
that of photo-emitters, e.ge Fb¥ has its threshold 2t about 2.5 u against
1,3 u for Cs,0-Ag cathcdes, TFor detecticn by heat rediation of targeis
with comparatgvely low surface tamperatures - less than 200% - I,C.
using photo~conductors are cbvicusly to be preferreds Such canverters have,
of course, to be designed on different prineiprles, On the film of semi-
conducting material the I.R. image of the tarvet is formed, thereby lowering
the resistiviiy of the illuminated porticms of the surface. On to the other -
reverse = side of the semi-conductor film a bean of electrins is directed from
& hot filamen® or other convenient electron sowrce, This beam charges the
film according to its resistivity, and is then reflected on %o a fluorescent
screen on which the image can thus be cbzerved directly or through a
magnifying glass,

The development of such image converters was only in its initial siages
in Germany at the end of the war,

Literature: W, Schaffernicht: Der Elekirmencopiische Bildwandler.
Ze5. T. tech, Thys. 17 {1936}, 596.
Blldwandlemohr Eptwicklmgen,
1940,

We Velth: Bildwendler Entwicklungen. ~.E.G.
Report 1% '

C. Bosch: Heratellhmg van Leuchtschirmen,
A.B.G, Report 1944,



(17) Dr. J, Eagpar, a physical chemlst with the A.E,G., vwas mainly
- respamsible for the chemical aide of the development of LR. photocells and
image converters,

{47.%)  Chemical Development of b8 Cell.

PbS cells only were used in practice, because the cther cells available
for IR, detectim (FbSe, ITe, etc.) required complicated cooling systems.
FBS cells were cooled fairly simply to -78°C by "dry ice” {solid €Oy,

Stolchiometrically pure PbS has a simple cuble corystal structure, and is
a noor eomductors With an excess of either ¥b or S, however, its )
conductivity increases amphoterically, On the substitubion of 2 small mumber
of its 3%ims by 0=, it becomes photo-sensitive; the alight lattice distortion
thns produced apparently creates additional conduction levels only slightly
above the filled elscironic levels in the crystal, The Firm of Xast &
Ehinger of Stutigart, who actually produced these cells, made X-Ray absorption
measurements and found a concentration of 0= ions of about 1:10° sufficient
for photo=conductivity,

Kagpar studied especially the formatian of the PHO nuclei. 4 nucleus
of very small dimensions will always -dissclve as its vepour pressure is very
large, Nuclel ecan thus only form Iif their size exceeds a certasin critical
value., The formation becomes a question of thermodynamic probability for a
sufficient number of Pb™ and 0% ims to be close together at zny ane moment
to start the building wp of a nuclseus, It was found that the presence of
a very few Cu* ions could "poism" this formetion, as they tend to form
minute crystals of CupS which, having a rather complex crystal structure,
interfere with the building up of the simple structure of ™S and PhO at
those rare moments when conditions, as described above, would be favoursble,

Woen pure FBS cells were carefully evacuzted and an atmosphere of aitrogen
admitted, photo~conductivity was destroyed. In an aimosphere of oxygen,
however, it was quickly restored. With carefully developed technigues a definite
relationship could be established between the concentration of impurity
centres, (i.e, partial pressure of cxygen) znd the sensitivity., One main
source of trouble in the past has been the difficulty of obitaining
reproducible hehaviour of FbS cells, This, according to Kaspar,



is partly due to the long time required for fany b - compamnds to reach
chemical equilibrium, Various plumbits (lead Bydroxide) e,g. only reach
equilibriun after several weeks,

(17.2) Backyramd Nolse is due to four causes:

(2} Johnson Noise, due to thermsl rendam movement of electrans,
as occurs in any metal, is meinly dependent em temperature,

(b) Semd-Conductor Noise is due to the lifting of electroms
into the conduction band and to their falling back again,
The "lifetime” T of an excited electron, i,e., the -
length of time for which it remains in the conductiom
level before falling back depends on the way the cells have
ben produced and may vary from 1 to 107 secends in TS
eells. {Itis very much longer in the allmli-halide crystals
described in Sectim (1)L  Signals applied to a cell at
intervels shorter than © cannot be properly accepted by
1%, i.e. the upper freguency limit for devices using such
cells is given by v,- Y& . On the cther hand, the use of
very low frequencies would entail large condensers and
trensformers in the amplifier, 1In rractice, wave bands
within a range of 400 to 4,000 ¢/s were used in
conjunction with theze cells,

Inherent in any semi-conductor is a relatively small
mrber of free electrans present in the conduction band
at any particular time, However, to provide reasonable
sensitivity, i.e. a sufficient number of conducting electrons in

- spite of thelr short life-time - which is= required for
high signal frequency - electrns have to be raised very
frequently to the conduction band. As every jump, up or
dovm, creates a faint "click', the total noise is
obvicusly large, The semd-conductor noise level ig
largely dependent on the magnitude of the electiric
field, and also on its polarity,
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{e) Catact Koise ("Elektroden Rauschen"). A% the bowmdary
of a semi-cmductor with a metal electrode, conditims
similar to those in a contact rectifier arise which, according
to Schottky's theory, lesd to the catablishment of a thin
"barrier layer™, l,e, a layer comtaining relatively fow
conduction electrans, Statistical changes in thelr number
again give rise to large percentage chenges and
ocrrespanding noise, This part of the noise is again
dependent on field stremngth and polarity, =nd alss an the
nature of the electrode material.

(d) Grein Noise ("Xorn Rauschen") is due to imperfect contact
between individual grains in the film vhich are in comtact =2t a
few discrete points only, At these points the number of
conduction electrons is rather amell end conditions similar
to those mentioned in the previous paragraph erlse, except
that this component of the noise is obviously indevendent
of polarity,

" (17,3) Performence end Application,

PbS cells, cooled by solid GOy, have a sensitivity limit of
approximately 0,2 wW at a signal frequemcy of 10 Ko/s, such a signal giving
a ratio 5/N = 1. This is sufficient to detect directly thermal radiation
from a body of 350 surface temperature, - Using large mirrars to
concentrate more radistion energy onteo the cell, aeroplanes end ships
a dozen or so miles away could he detected at night by their LR, heat
radiation, Similar devices were used far haming devices in rockeis,
proximity fuses, etc,

Idterature: J. Kaspar: Infrarot - Potohnlbleiter, 1945,




(18)  Dx, B, Pick, first assistant to Prof, Pohl at the first Physical
Institute, GYitingen University, haas been working on the development of

PpS oells during the war, He hes given a detriled description of this
work in a revort written in 1944,

FbS i3 a semi-conducting material. “hen exposed to infra-red light,
its conductivity increases by as much &s 1007 under the brightest socurce
available, 1In ordsr fo reduce the backgroumd noise level, measurements
were not mde mder continuous illumination but with a beam of light
interrupted at a frequency of 1,000 ¢/s, The mein result of his
investigetiom was that the quantum yield, i,e. the percemtage change of
conductivity for one quentum absorbed, was constant over the whole range of
wavelengths from 0,25 . (where the glass cover used in the cell became
sbsorbent) right up to the threshold wavelength of 3 e

Litarsture: Pcks IS Zelle wid irmerer Photoeffekt,
1946,

{19, Dr, H, Gaeriner now with the Bizonal Economic Depertment at Minden,

During the wer he held a respmnsible pesition at the Heerea-Waffen-Awi,
Berlin, in the Depariment for Optics and Measurement, where he had access

to all work comnected with LR. research, He meintains to heve banded over
tec 2llied persomel the following reports:=
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1.

2,

Se

S
6.

Te

8.

%
10,

Bedevtung der Ultrarotem Strahlen fiir militirische Verwendungszwecke,
Dr. H, Gaeriner,

Heft I : *Die Durchlassigkeit der getribien Atmosphire im Ultra-
Rot Geblet"

Hefd TI: "Ultra~Rot Photographle”
Ultra-Rot empfindliche Phosphore yma Warme-Ortung - Dr. H, Gaertner,
Allgemeine Einfiihrung in dle Tarmagz im U,R. - Dr. H. Gaeriner,

Sichterweiterung durch Infra-Rot Momeni-Photographie - Wilhelm
5 chl omer,

Leutschirme f%ir Bildwandler-Rohren - Dr, Schaffernicht, A,E.G.
U.R. Feldsteoher - Englisches Beutegerat = Dr. Kessler, C. Zelss.

Beschreibung und Bediemungsanweimmg des Gerates "Mosel" -
Siemens, A.E.G. '

" Beschreilnmg fur Gerat "Dapau 60", C, Zeiss,

Das Warmepellgerat der Fa.: C. Zelss = H, Flesse,

Warmebildgersat Potsdam "I' - B, Leyboldts Nachf,

He, furthermore, supplied the following list of prominemt workers

engaged on LR, research during the war :-

L

Imge Canverters,

1e Dr. W. Sohaffernicht
ALE,G, Rolren - & Gleichrichterfabrik
Gleusthal-Zellerfeld I,  Bauhofatr., T7a.



IO,

I,

Se

Te

Dr. Veith
formerly A.E.G. Forschimgsinstitut, Berlin-Reinickendorft,
now in Paris, working at Sorbanne.

Herr Schmalenberger
formerly best expert o tube mking of AJE.G.,
now most probably engaged by the French,

Dr. Heimenn
formerly Reichspost-Forschimgsenstald, Berlin-
Kleinmachnow,
now Physikalisch-Technische Werkstatien, Wiesbaden,
langgasse,

Dr, Eckart
formerly physicist of A.E.G. Forsc%n.mgs-Ins‘hitu‘b
Berlin-Reinickendorf,
now engaged by the Russ:.ans in Berlin,

Dr, Penner
formerly Relchspost-Forschingsanstalt,
Berlin-Kleinmchnow,
now engaged by the Hussians in Berlln,

Dr. Allekotte
formerly physicist in Heereswaffenamt, Berlin-
Charlottenturg,
now { 22b) Idar—Obers‘bei.n 2, Postfach 49, French 7,

Infra-fed Phosphor

1.

2-

Dr, Lotz, Berlin-Biemenastadi,
FPorschimgslabor von Siemens & Halske,

Bolometer-Recalvers.

Dr, Plesse
formerly Zeiss, Jena,
now working with Zeiss Optan,
{14ka) K&nigsbronn, Kreis Heid.mheim, Herwart-stalt.

Prof, Dr. M, Czemy

Frankfurt a, Main, Physikalisches Institut der
Universitat, Robert Mayerstr, 2,

3=



Iv. Photo-Cells,

1e Dr, Kutzscher
formerly Elekircakustik,
Kiel, Weddigenring.

Zs Dr. Tren :
formerly assisiant of the late Prof, Gudden,
Prag,

3 Dr. Cagper
formerly A.E.G. Forschmgs-Tnstitut,
Berlin-Reinickendorf,
now perhaps In Emstenz, Bodensee,

by Dr., Guillery
51iemens-Scimckert,
Nirnberg, ILandgrabenstr. 100,

V. Infra-Red Filters,

Dr. Rein :
formerly LG, Farbem, Weark Ma
Prankflirt-Fechenheim,

{20) Praof, H. Kallmann of the Eaiser Wilhelms Institut, Berlin-Dahlem,
and Prof, of Theoretical Fhysics at T.U., Berlin-Charlotienburg,

is largely Interested in atomic theory. In 1933 he started working om
neutrons and in 1935 he joined the L.G. Farben to develop a method of

(20,1) Photogrevhy by Neutrons similar in principle to X-Ray photo-
grapiyy: Bodies opague to ordinary light are irradiated by a beam of neutrons
which are absorbed according to their speed and to the nature of the target,
The transmitted beam is made to produce one of seversl possible reactions which
eventually produces a chemical reasction on the photographic plate, and tims



the image, Neutron reactions which heve bteen tesied include the following:~
(1) Slow neutrons falling an Ii or B and producing Hz! or Het2e

(2) Neutrons captured by G4 with subsequent electran ( f eray)
endagion,

(3) Absorpticn of slow neutroms by Cd with subseguent 6"-:‘&3‘
emission,

The first pictures were obtsined by Kallmenn and Kubm in 1938,

Neutron photography might find a practical apolicetion in the
examination of very heavy targets which are opeque even to the most ensrgetic
g‘ = radisticn,

{20,2) o = Particle Recorder,

Kallmen bas recently developed a scheme that will recerd the emergy of
individual - particles: &-particles frem a radium source inpinge on &
fluorescent screen of activated ZnS which is placed over the window of an
electran miltiplier tube, the cubput of which is fed through an amplifier to
a C,R. display tube. ‘Thenever a particle strikes the fluorescent screen, a
scintillation occurs which releases about a2 thousend electrons from the
photo=-cathode of the miltiplier, These electrons are amplified about
100,000 times in number in the tube, and thus pass & signal cof aboutd 10 to
100 oV into the amplifier, The amplitude of the signal is directly sroportimal
to the energy of the x - particle, The mltiplier is cocled by solid CO; to
reduce its backgromd noise to a level sufficiently below the signal, To
reduce pick-up of hest radiation and thus the noilse level, the photocell
should have its maximum sensitivity at the same colowr as the scintillatimm
end should be fairly insemnsitive to nolses and to langwave - LR, -
radiatim, The thickness of the fluorescent layer is fairly critical:
if the layer is too thin the o = particles pass across it without giving
up their whole energy; if too thick, the light of the scintillation is
absorbed before it can leave the screen,

45~



Various materials have been investigatsd for the fluorescent sareen.
ZnS is most suitable for the detection of X« particles, and Co¥0, for § =
particles,

Iiterature: Falimarm: Iheechleuchtung und Photograshie mittels
_ Keutronen., FNeturwiasenschaften 1947,
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