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to the surroundings at room temperature. This heating and
quenching in a high vacuum may have produced a surface cleaner
than the original etched surface, but also has changed the bulk
characteristics. As described below, the germanium appears now
to be more sensitive to surrounding gases than was the original
crystal with etched surface.

After the above heating and quenching, gases at several different
pressures were admitted slowly through the vacuum system.
Figure 1 shows a typical plot of germanium conductance at 197°K
varying as the residual gas pressure varies from 10~7 mm Hg to
10~* mm Hg (by shutting off the diffusion pump). ‘Dry argon
admitted to the germanium at 0.3 mm Hg for one minute has
little effect upon the conductance but dry oxygen at 0.3 mm Hg
for one minute increases the conductance by a factor of ten. The
largest surface conductance at 197°K obtained during similar
observations is 8 X107 mho, representing about 10" carriers per
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F1G. 1. Dependence of Ge conductance upon surrounding atmosphere.
The diffusion pump was shut off at time ¢=0; argon was admitted at
t =25 min and removed after one min; oxygen was admitted at ¢t =47 min
and removed after one min.

cm? of surface (if a mobility of 1000 cm?/volt sec is assumed).
Oxygen is also adsorbed at room temperature. Initially, it appeared
possible to remove most of the absorbed gas (as measured by
electrical conductance) by simply heating the experimental tube
containing the Ge in a high vacuum at about 450°C for one half-
hour. However, Fig. 2 shows that as the number of cycles in-
creased (each cycle corresponding to a maximum conductance
with gas adsorption and then a minimum conductance after
heating in a high vacuum), the minimum conductance became
larger. By the twelfth cycle, heating the tube at 450°C had a much
smaller effect in reducing the surface conductance. This might be
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F1G. 2. Conductance of Ge after heating in high vacuum. Each cycle
corresponds to a maximum and minimum conductance. Cycles 11 and 12
correspond to right-hand ordinate.
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described in terms of a thin layer (oxide) being built up on the
surface. It is not unreasonable to assume that oxygen may
introduce surface acceptor energy levels resulting in hole
conductivity.

Further work will include measurements to determine surface
carrier type and surface mobility of carriers.

IN. F. Mott, Proc. Inst. Elect. Engrs. (London) 96, 253 (1949).

Thermally Induced Acceptors in Single Crystal
Germanium

R. A. LoGAN
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received June 4, 1953)

HEN germanium is heated above 600°C and then cooled,

it has been shown! that the acceptor density increases

markedly. This effect is reversible in that prolonged reheating at

475°C “anneals” out these acceptors. More recently, simlar

acceptors have been produced in experiments? where the cooling

time has varied from a very rapid quench to a time of the order
of several minutes.

It has been shown? that copper as an impurity in germanium
has the same activation energy, diffusivity, solid solubility, and
“annealing” property as these acceptors. Since no precautions
were taken to avoid copper contamination, and since very small
concentrations of copper will produce these acceptors, this evi-
dence led to the conclusion? that in all of the above experiments
copper produced the observed acceptor centers. A method has
been developed by which it is possible to heat germanium to high
temperature for extended periods of time and avoid copper-like
contamination. This makes it possible to examine more closely
the phenomena associated with quenching germanium from high
temperature.

In these experiments, small samples were cut from single
crystal n-type germanium which contained about 6X 102 donors
per cc. The specimens were cleaned* by acid etching followed by
a rinse in twice-distilled water. They were then soaked in a strong
aqueous KCN solution. The cyanide forms soluble complexes
with copper, as well as other metallic ions, which are then re-
moved by rinsing the specimens in twice-distilled water.

To study the effect of rapid quenching from high temperatures,
a sample was placed on a carbon boat furnace in a quartz tube
and heated in a hydrogen atmosphere by rf induction. A castor
oil bath was located about one inch below the boat. The sample
could be dropped from the boat into the oil bath in about 0.1
second. If one of the samples was heated at an elevated tempera-
ture for one minute and allowed to cool slowly to room tempera-
ture by simply turning off the rf heater, no detectable change in
resistivity occurred. Resistivity was measured at — 78°C, where
the measurement was sensitive to impurity concentrations as low
as a few times 10® per cc or about one per 10 billion germanium
atoms. In this experiment, the sample cooled to 500°C in about
15 seconds and reached room temperature in a few minutes (here-
after this will be referred to as the regular cooling cycle). However,
if the sample was quenched in the oil bath, a change in resistivity
resulted and acceptor centers were found uniformly throughout
the sample. The effects of heating at different temperatures before
quenching are shown in Fig. 1.

If the quenched samples were recleaned, as described above,
and reheated to a high temperature followed by the regular cooling
cycle, they returned to nearly their original resistivity.

It has been proposed® that lattice defects such as vacancies and
interstitial germanium atoms may act as acceptors in germanium.
If the acceptor centers produced by quenching are thermally
produced lattice defects,’ then to.a close approximation the density
of acceptor centers ng present when the sample is in thermal
equilibrium at temperature 7'q is given by

no=nre ETq,
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F1G. 1. Temperature dependence of ‘acceptor concentration in quenched
germanium samples.

where E is the activation energy for the production of an acceptor
center and 7z is the maximum density of lattice sites that could
be occupied by acceptors of this type. From theory,” #z, is approxi-
mately 102 per cc for germanium. If the equilibrium state of the
sample at temperature 7'q is essentially “frozen” by the rapid
quench, the measured increase in acceptor center density should
be very nearly equal to 7. In the limit of 77—, the curve is
made to pass through #g=mz as required theoretically. The activa-
tion energy is found to be 1.8 ev per center, which may be com-
pared to the activation energy of 1.2 ev per center for the intro-
duction of copper into the germanium lattice.?

If the thermally produced acceptor centers are due to some
unknown chemical impurity, then Fig. 1 can be regarded as a plot
of the temperature dependence of the solid solubility of this
impurity in germanium. There are two ways in which impurities
could enter a quenched sample. They could diffuse into the ger-
manium during the quench, although no impurity whose diffusion
in germanium has thus far been studied could diffuse uniformly
from the surface in this short time. A more likely possibility is
that an impurity has diffused into the germanium during the
heating time, and that the rapid quench has essentially “frozen”
this dispersed impurity which would otherwise “anneal” in the
regular cooling cycle. This “annealing’” might be similar to
(though much faster than) that for copper in germanium. There
is, as yet, insufficient evidence to distinguish lattice defects from
chemical impurities.

Although the surface treatments described above permit the
heating of a test sample to high temperature without resistivity
change, there was always a decrease in body lifetime. For example,
when a test sample with an original lifetime of 100usec was
heated for one minute at about 825°C, followed by the regular
cooling cycle, the average body lifetime was reduced to 19usec.
It is known that recombination centers are formed by some
chemical impurities® and by lattice imperfections.® In the heat
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treatments performed in these experiments, the cause of the
recombination centers has not been ascertained. The preliminary
experiments indicate that recombination centers diffuse in rapidly
from the surface in a manner similar to copper. This suggests
that, in this case, recombination centers may be a chemical
impurity which has a marked effect on lifetime while making only
a small contribution to the resistivity.

I would like to express appreciation to W. Shockley, M. Sparks,
and G. C. Dacey for encouragement in these experiments.
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Examples of Multiple Pion Production in n—p
Collisions Observed at the Cosmotron*
W. B. FOWLER, R. P. SHUTT, A. M. THORNDIKE, AND W. L. WHITTEMORE

Brookhaven National Laboratory, U pton, New York
(Received June 11, 1953)

BOUT 100 events attributed to =-meson production by
neutrons in hydrogen have been photographed under con-
ditions described in a previous communication.! Neutrons
produced in a carbon target by the 2.2-Bev proton beam in the
Cosmotron passed through appropriate collimators into a hydro-
gen-filled diffusion cloud chamber located in a field of 11 000
gauss. Two examples of creation of pairs of pions in the gas are
shown in Figs. 1 and 2. Data on these events are given in Table I.
Track ¢ in event A can be attributed to a proton from its mo-
mentum and estimated ionization density which are given in
Table I. Tracks ¢ and b, by the same method, must have been
produced by particles much lighter than protons, most probably
pions. (Masses of ¢ and b are <400 and <240 electron masses,
respectively.) The 6 angles fixing the directions of the 3 tracks
with respect to the direction of travel of the incident neutrons
were-also determined by reprojecting the stereoscopic photographs
in space. The resultant p, of the transverse components of the
three momenta is given in Table I. The fact that p, is not zero also
indicates that at least one neutral particle must be involved in ad-
dition to the charged ones, which is assumed to be a neutron. The
two pions are then produced in the reaction #+p=n-+p~+n*-+r".

TAaBLE 1. Data on pion-pair events,

~
Event A Event B
Track a Momentum (Mev/c) 474450 98070
(negative Estimated Ioniz- 1 Xminimum 1 Xminimum
charge) ation density
Track b Momentum (Mev/c) 286420 550440
(positive  Estimated Ioniz- 1 Xminimum 1 Xminimum
charge) ation density
Track ¢ Momentum (Mev/c) 83550 1260 4200
(positive Estimated Ioniz- 1.5to2 Xminimum 2 to 3 Xminimum
charge) ation density
Resultant transverse momentum, 268 420 50 +60
pr (Mev/c)
Sum of forward momenta, 1260 2770
P2 (Mev/c)
Sum of energies of charged 1140 1950
particles (a,b,c), En (Mev)
Energy of incident neutron, +140
Mev) 2060 1250 19804250




