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I. SOLID STATE DEVICE DESIGN

A pulsed magnetic field apparatus is being built to study magneto-optical effects in semicon-
ductors. Preliminary experiments in fields of 250 kilogauss have not shown the shift in the wave-
length of the narrow-line incoherent radiation from GaAs diodes that would be expected if either
the 0.07-m electron or the 0.12-mo light hole were involved in the transition producing this
radiation.

GaAs alloy diodes have been fabricated by evaporating known thicknesses of Au and Zn on
n-GaAs and then alloying these films at 550°C for less than 5 seconds to produce rectifying con-
tacts. While the magnitude of the forward current of these diodes can be explained in terms of
a metal-semiconductor (Schottky) barrier, this model has not been able to account for the in-
creasing values o:‘ n inthel = Io exp [qV/?k’I'] relationship as the film thickness is decreased.
While for a 5000 A film n = 1.4, for a 300 A film n = 1.5.

GaAs diode masers have been fabricated and the spectrum and intensity of the emitted co-
herent light studied as a function of the amplitude and width of the diode current pulses. For
typical diode masers the emitted radiation varied linearly with current density up to a threshold
of about 104 Acm™2 at 77°K or about 700 Aecm™? at 4.2°K, above which the intensity of the radia-
tion increased radically. Well above this threshold for coherent light emission, the light output
again became linear with current and absolute ineasurements indicate the diode maser is oper-
ating at nearly unity quantum efficiency. Thus, for the maximum current of 190 amperes through
a diode of junction area 7 X 1073 cmz, 280 watts have been radiated {for 5usec) from an area
estimated to be less than 10'4 cmz. At 4.2°K the linewidth of the emitted coherent radiation from
a more recent diode has been measured to be less than 0.25A. While in the laser mode, the
narrow-line emission increased with current pulse amplitude; as the pulse length was increased,
other emission lines appeared for several diodes and grew continuously in intensity, even reach-
ing a higher intensity than the original emission line. These other lines, which were still narrow
and represent laser modes, were believed to be associated with sample heating. Techniques are
being developed to protect the surfaces of the reflecting ends of the semiconductor maser. The
threshold current of a given diode has in scveral cases been increased by temperature cycling
in which a film has been produced on these ends. These threshold currents can be subsequently
reduced to close to their initial values by swabbing the reflecting sides with acetone.

Audio and video signals have been successfully transmitted from the top of Mt. Wachusetts
to Lincoln Laboratory, a distance of 30 nautical miles, via the infrared radiation emitted by a
GaAs diode. The experiment was performed at night at a time when the atmospheric attenuation
of the radiation over the path was about 5db. The audio signals at the receiver were orders of
magnitude above the signal noise; the television signals, under best operating conditions, were
a factor of 20 greater than noise. Further improvement in performance can be expected from
improved system design. It should be borne in mind, however, that the operation of infrared
communication links will be markedly affected by atmospheric visibility.



An idealized electromagnetic model of the GaAs diode maser has been considered. On the
basis of this model, an expression for the threshold condition for onset of oscillations has been
obtained. A theoretical estimate of the angular spread of the beam has been made, and is found
to be reasonably consistent with observation.

A GaAs-Ge heterojunction diode has been proposed as a high-speed photodetector for the
radiation emitted from either a coherent or incoherent GaAs diode infrared source. The very-
high-frequency response of the heterojunction diode is possible because of the considerably dif-
ferent absorption of the incident radiation in Ge and GaAs. The GaAs side is illuminated, but
less than 0.01 percent of the radiation is absorbed in a distance of 10 microns, while over 90 per-
cent of the radiation will be absorbed in the Ge within 1 micron of the junction. Thus, appropri-
ately chosen p-n heterojunctions can insure that the radiation is absorbed close to the junction
and that the transit time of the photoproduced carriers is consistent with high-frequency photo-
diode operation.

It should also be possible to fabricate a transistor with an infrared-emitting GaAs p-n junc-
tion as emitter and an n-GaAs, p-Ge heterojunction as collector. This beam-of-light transistor
has several advantages over conventional transistors: (1) Very low lifetime material can be used;
thus the transistor field is opened up to a host of different materials. (2) Carrier injection need
not be from emitter to base; thus the base resistance can be significantly reduced with no con-
comitant increase in emitter transition layer capacitance or emitter series resistance. (3) The
transport from emitter to collector is at the speed of light in the material. In order to collect
a large percentage of the emitted radiation at the collector, the transistor surfaces should be
coated with reflecting coatings and the transistor geometry should be such as to reflect the in-
frared toward the collector. If the infrared-emitting diode is operated as a maser, it may be
possible, with an appropriately placed collector, to have a grounded-base current gain extremely
close to unity.

The electrical parameters expected from a specific design of a beam-of-light transistor
have been compared with those of a mesa transistor, which represents the current state of the
art in making high-frequency transistors. Both incoherent-mode infrared emission and coherent-
mode infrared emission have been considered. The proposed structure is shown to have slightly
greater speed in common emitter configuration [fT of 4.5Gceps (coherent) and 4.1 Geps (incoherent)
vs 3.6 Geps), and a much higher gain factor at 1 Geps in common base configuration [1400 (co-
herent) and 800 (incoherent) vs 25). Also, since the base layer of the proposed structure is much
wider than that of the mesa transistor (10 microns vs 0.25 micron), and since its speed is rela-
tively independent of the base width, it should be much casier to fabricate than the corresponding
mesa transistor.

An open-tube method, in which H, + AsCl3 is used to transport Ga from a bath of molten
metal, has been used to produce mirror-finish GaAs epitaxial layers. Diodes have been fabri-
cated by depositing n-type undoped epitaxial layers on p-type substrate. These diodes are now
being evaluated for injection electroluminescence.

Initial machine computation of the rate of cascade capture by ionized impurities, using an
improved version of M. Lax's "giant trap" theory, has given results significantly larger than
Lax's. This is to be expected, since the present theory permits capture by more highly excited

states.
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II. CHEMISTRY

For predominantly covalent electronic semiconductors, the thermodynamic activity of holes
has been shown to contain the thermodynamic activity of the semiconductor species (approximately
given by its mole fraction). Thus, for example, by formulating the intrinsic ionization equilib-
rium alternatively as a transition of electrons between valence and conduction bands and as a
self—ionizatiorzl of the semiconductor species, the activity ap of holes is found to vary inversely
as aGaAs‘ ag etc.

The electric field due to diffusion of carriers away from the interface has been used to de-
tect carrier generation by electrochemical reaction. The reaction of n~ and p-type germanium
with alkaline ferricyanide or 8N nitric acid was attended by generation of excess carriers; this
effect was not observed in the reaction of InSb with bromine-methanol or nitric acid-lactic acid
etchants.

The dependence of measured values of Seebeck coefficient o and electrical resistance R of
PrOx on temperature and composition has been compared with theoretical predictions for electron-
transfer semiconductors. For compacted samples in the range of compositions investigated
(1.59 < x € 1.81), a is approximately independent of temperature and, moreover, exhibits es-
sentially the predicted dependence upon x. The composition dependence of R, measured at two
fixed temperatures, is also compatible with theory.

Measured electrical properties of single-crystal samples in the composition range 1.50 <
x < 1.53 support the conclusion that an electron~transfer model pertains to semiconducting, non-
stoichiometric PrOx. Furthermore, the large changes in a, and in resistivity and its tempera-
ture dependence observed for the nearly stoichiometric sesquioxide, indicate the existence of a
secondary conduction mechanism, which is overshadowed by the primary mechanism for x > 1.5,

Two types of hanging mercury drop electrode are being investigated with a view to realizing
increased sensitivity over conventional polarography. Greater precision has resulted from using
the Shain electrode (mercury suspended from a previously amalgaiiated platinum wire) than
from using the Kemula electrode (mercury suspended from the tip of a mercury-filled capillary).

A method has been developed for the analysis of indium telluride, which is sensitive to about
one part per thousand. Indium is determined by direct titration with EDTA at pH 2.4 to a potenti-
ometric endpoint using a gold amalgam electrode; tellurium is d >rmined by adding excess

l-(ZCrZO7 and back-titrating with Fe(NH4)Z (SO4)Z.

HI. MATERIALS RESEARCH

The partial pressures of Tez and SnTe molecules in equilibrium with SnTe have been meas-~
ured by means of an optical absorption technique used previously. The TeZ pressure depends
strongly on the composition of the solid SnTe, while the pressures of SnTe in equilibrium with
Sn-saturated and Te-saturated compounds are found to be the same within the limits of experi-
mental error. A value of 51 kcal/mol is obtained for the heat of sublimation of SnTe.

The spectra of induction plasmas generated at pressures between 10 u Hg and 1 atmosphere
have been recorded with a grating spectrograph. Plasmas operating in the high-power mode at



pressures up to 100 mm Hg and Geisler tubes operating at pressures of only a few millimeters
of mercury are found to have spectra which are similar in both line intensity and linewidth.

The structures of high-pressure phases of semiconducting compounds are being determined
by x-ray diffraction measurements made at high pressures with a diamond-cell transmission
camera. Both CdS and CdSe transform from wurtzite to sodium-chloride structure, while HgTe
transforms from zincblende to cinnabar (HgS) structure. Data for the high-pressure forms of
CdTe and SnTe are being analyzed. The high-pressure cubic phase of InTe obtained by direct
synthesis at high temperature and pressure has also been prepared by transforming the tetrago-
nal phase synthesized at atmospheric pressure.

IV. BAND STRUCTURE AND SPECTROSCOPY OF SOLIDS

The galvano-thermomagnetic effects in semimetals and semiconductors are being studied
extensively both from a theoretical and an experimental viewpoint. Expressions for the six basic
galvano-thermomagnetic transport coefficients have been put into a closed analytic form for the
following special cases: the extreme limits of classical or degenerate statistics, weak or strong
magnetic field limits, and for parabolic and nonparabolic bands. The variation of the components
of the general Nernst and Seebeck tensors of bismuth has been measured with magnetic fields up
to 50 kilogauss. Oscillations periodic in 1/H have been seen in the 30- to 50-kilogauss region.
The large observed values of the Nernst coefficient suggest that a multiband model is required
to explain the phenomenon. The analysis of the transverse anisotropic galvano-thermomagnetic
refrigerator is being continued. Much of this work has been submitted for publication.

Magnetoreflection effects which have been secn previously in semiconductors and semimetals
have now been observed in a metal, silver. Preliminary measurements have been made on a sin-
gle crystal of silver in the ultraviolet at low temperatures. An analysis of the observed magnetic
field effects is now in progress.

Oscillations of the de Haas-van Alphen type, previously observed in the attenuation of sound
in bismuth, have been shown to be present in the velocity of sound also. The values of the effec-
tive masses in bismuth found from the velocity variations are in agreement with those previously
found by other methods. The small values of the amplitude of the oscillations indicate that a two-
carrier or many-valley mode! of bismuth will be required to explain the effect. Details of the re-
sults have been published.

Recent experimental results indicate that the Raman spin lattice relaxation rate of donors in
silicon, previously studied theoretically, does not have the proper temperature dependence and
is too small by a factor of 104. Various mechanisms which give the proper T9 temperature de-
pendence, all of which involve interband effects, have been investigated.

The formulas recently developed for the exchange energy of electrons in a periodic lattice
have been applied to the case of s-like bands. [t is found that the effect of the periodic lattice on
dE/dk at k = ko is too small to be experimentally observable. The total exchange energy for
sodium has been evaluated and found to be in agreement with previous calculations. This work
is being prepared for publication.



V. SPECTROSCOPY OF MAGNETIC SOLIDS

Antiferromagnetic resonance studies of powdered CoTiO, and FeTiO, are under way. at fre-
quencies from about 35 to 140kMcps. Preliminary observations of antiferromagnetic resonance
as a function of temperature have been made.

Paramagnetic resonance of NiFZ above the Néel temperature has been observed. Thus far,
no reasonable fit to a single-ion spin Hamiltonian can be made. Measurements of linewidth in
antiferromagnetic resonance of MnFZ single crystals and powders have been made., from low
temperatures to the Néel temperature.

Experiments to measure second-order exchange interactions by the spin wave resonance
method have been resumed. The aim is to verify the T5 2 temperature variation of the exchange
constant.

The study of Raman emission from a number of crystals excited by an intense ruby laser
pulse has been continued. Particular emphasis has been placed on the excitation of vibrational
Raman lines in solids in view of the fact that coherent Raman radiation from organic liquids has
been reported.

The current-carrying properties of superconducting Nb in a magnetic field are being studied
as a function of temperature. In some cases, the resistance of niobium can decrease by orders
of magnitude as the magnetic field or temperature is raised. Evidence is accumulating that these
surprising phenomena are related to the Abrikosov negative-surface-energy model of super-
conductors.

Studies of the spin Hamiltonian for Fe3+ in AleiOS and Cr3+ in SnO2 are being made by elec-
tron spin resonance in the frequency range from about 24 to 140 kMcps. Tabulation of rotation
matrices for standard crystalline fields to order 6 has been completed.



