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On the Determimation of the Optical Constants of Semiconductor Thin Films

N _
from Photmnetri.c Heasurments. Paul M. Grantf, Hargard Unggraigy_.
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of radions. Llectron—sinks and protous—sources intcract in
the radional field with a force f,=ee:/R=Jm*ralraqs/R?
=JBmymy/R* dyn. J, is field pressure, m mass, a radius of
the particle, » numeric, equal to or multiple of 11.7, 8=1
cm?/g, R distance between the particles, and e clementary
charge. Deviation of radional field from isotropy causes
electrostatic field. Circular deviation from isotropy produces
magnetic field. Multiple rebound of radions between ele-
mentary particles produces nuclear forces. For gravitational
interaction see Ref. 1.

* PIA, CERG (USA), 44, 1945 Calvert St, Washington, D. C. 20009,
1 A. J. Schneiderov, Bull. An. Phys. Soc. 9, 400 (1965),

KE14. Rotation of the Universe. HENRY GREBER.—The here-
suggested hypothesis is to account for the red shift of light
from extragalactic bodies, the gravitational equilibrium of the
universe, Olber’s paradox, and Mach’s principle. It is based
on the assumption that galactic clusters, like electrons in an

THURSDAY AFTERNOON, 29 APpPRIL 1965

EasT BUILDING NATIONAL BUREAU OF STANDARDS AT 1:30

atom, rotate around the center of the universe, so that the
centrifugal force acting upon them balances the gravit .
attraction of their center of gravity. Accordingly, the red.
shift can be explained as a relativistic effect of light etmtle.d.-" oy
from rotatmg sources. The support of this hypothesis rests”
on that, in order not to exceed the velocity of light ¢, a phaton TR
can leave a body rotating with the peripheral vel S
only with the velocity w=(c2—v?)}. For the energy of: the
photon to be constant, according to E = fh = (w/1)k, wntIL_fthe =
frequency, 1 the wavelength, and % being Planck’s constant,
1 must be proportional to w, and 1’/1 =c/(c’—v‘)’zf{f-‘b_‘/;2£.;
From which the red shift is d1/1 =v/c. Since, by definition,
(@1/1)e=HR, H being Hubble's constant, and R bein
distance of the rotatmg body from the center of the uni o
For R=Rusx (Ruax is the radius of the universe), d17’1-—£ v
and v, can be maximally equal to ¢. Hecne H= c/Rmu'
=2X10%/107=2X 10717, close to the observational value - -
1.88x 10717, e, PR

o

(W. W. Scani.oN presiding)

Semiconductors II

KF1. Helicon-Wave Propagation in »n-Type InAs at Micro-
wave Frequencies. J. K. FURDYNA, National Magnet Labora-
tory* MIT.—Helicon-wave propagation was investigated in
n-type InAs at 35 Ge/sec, in the temperature range from 78°
to 300°K in magnetic fields up to 100 kG. A microwave
analog of the Rayleigh refractometer was used in the meas-
urements. This arrangemient is in many ways superior to the
Fabry-Perot dimensional resonance technque used in pre-
vious helicon experiments in this frcquency range, particularly
in the presence of considerable losses. Morcover, this approach
permits a quantitative studv of the helicon-damping processes.
Interference patterns consisting of as many as 10 full oscilla-
tions between 40 and 100 kG were observed at temperatures
as high as 300°K, allowing a precise determination of the elec-
tron concentration. In addition, the quantity e/ (m*{r1)) was
obtained from the envelope of the interference pattern. The
latter quantity is close to the known electron mobility, but
shows a slight dependence on the magnetic field. This variation
arises possibly due to the proximity of the quantum limit,
which may render the semiclassical model used in the present
analysis not fully satisfactory at the highest fields.

* Work supported by the U. S. Air Force Office of Scientific Research.

KF2. Method for Observing Cyclotron Resonance at Milli-
meter Wavelengths.* R. Kavrax, U. S. Noval Research Labo-
ratory.—A method is described for observing cyclotron reso-
nance in materials of which the extrinsic photoconductivity
depends on carrier energy. The method is derived from a tech-
nique described earlier.! Steady illumination of a sample
produces carriers, either holes or electrons, by ionization of
shallow impurity levels. Microwave radiation absorbed by the
carriers raises their energy slightly, thus changing the sample’s
conductivity. Cyclotron-resonance spectra are observed by
monitoring the conductivity as an applied magnetic field is
scanned through an appropriate range. The method is par-
ticularly uselul for measurements at the shorter millimeter
wavelengths for the following reasons: high sensitivity may be
achieved, absorption by holes or electrons may be observed
separately, and a minimum of microwave circuitry is required.
The mechanisms responsible for the variation of sample con-

ductivity with carricr energy are considered, and experiments
performed at wavelengths of 2 and 4 mm are described. _ _ S

* Work performed under Project Defender, sponsored by the Advzfnr R
Research Projects Agency. ; g

1 H. . Zeiger, C. J. Rauch, and M. E. Behrndt, Phys. Chem. Solids 8,488+ - —rem gymrme
(1959). e % e

KF3. Oscillatory Faraday Rotation of the Indirect Transition -- ‘

in Germanium. Jou~N HALPERN,* Lincoln Laboratoryt MIT.— = o
The oscillatory Faraday rotation of the indirect transition in )
germanium has been observed on transmission. The experi- -

ments were carried out at magnetic ficlds of up to 103 kG and

at helium temperatures on a heat-sunk sample. From the posi- 8-
tion of the indirect energy gap, the temperature was dctcr-
mined as 8°K. The sample was intrinsic, with a carrier on- E:
centration z <10%/cm?® The data were taken with the direction: - m‘
of propagation (and the magnetic field) perpendicular toa., -.

(110) face. Comparison of the Faraday rotation with the cor: =~ LD-
responding transmission as a function of wavelength shows that g
there are oscillatory curves corresponding to both the exciton
absorption and to the Landau steps. The entire indirect
transition rotation is superposed on a very large dispersive e
tail that probably arises f[rom the T'2s» — T's» direct-energy=gap. = .z
transition. At the temperatures and magnetic ﬁelds in ques- :
tion, the oscillatory eftects are of the order of 29, of the total
rotation.

# Visiting scientist at the National Magnet Laboratory MIT, which is
operated with support from the U. S. Air Force Office of Scientific Research.
T Operated with support from the U. S. Air Force.

KF4. Multiple Reflection Effects in Faraday Rotation in Semi-
conductors. E. D. PaLik, J. R. STEvEnson,* B. W. HExvis, .
U. S. Naval Research Laboratory, B. DoNavaN, AND ™
J. WEBSTER, Westfield College, University of London.—We
have measured the free-carrier Faraday rotation in an n-type
PbS epitaxial film at room temperature in order to study the |
effects of multiple reflections on rotation. The sample was 4.6 |
u thick and contained 1.8X10'® carriers/cm?® Measurements . |
were made in the spectral region 3-30 p with magnetic fields as* ety s T
high as 132 kOe. Just as the transmission ol the filin showed |
well-defined interference fringes as a function of wavelength |
owing to multiple reflections, the Faraday rotation also showed
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oscillations that were in step with the transmission fringes.
Extensive calculations based on the work of Donovan and
Medcalft have been carried out to fit the observed rotation
and to determine the dependence of the rotation on the various
parameters such as carrier concentration, carrier relaxation
time, sample thickness, and magnetic field.

1 Permanent address: Georgia Institute of Technology.
! B. Donovan and T. Medcalf, Brit. J. Appl. Phys. 15, 1139 (1964).

KF5. Determination of the Optical Constants of Semicon-
ductor Thin Films from Photometric Measurements.* PauL
M. Grant,t Harvard University.—Theoretical studies have
been carried out on the accuracy of derivation of the optical
constants # and k of semiconductor thin films in the wave-
length range 2000-6000 A from measurements of the normal
incidence transmissivity and reflectivity coefficients 7 and R.
In order to determine the extent to which the errors in the
derived optical constants depend upon experimental errors in
R and T, the partial derivatives én/8R, on/8T, k/8R, 8k/6T
were calculated, using appropriate theoretical equations and
germanium optical constants obtained by a Kramers’~Kronig
analysis! of the reflectivity data of Donovan, Ashley, and
Bennett.?2 The filim thicknesses considered were from 50 to
500 A. The results indicate that, in the wavelength regions
where n =k, the error in the derived optical constants becomes
intolerably large for the usual experimental errors in R and 7.
Values of # and & calculated from actual measurements of R
and 7 for epitaxial films of germanium deposited 772 vacuo on
single-crystal Cal“s substrates are also reported and are shown
to substantiate our theorctical conclusions.

* Research supported by the U. S, Office of Naval Research.

1 International Business Machines Corporation Fellow.

1 H, R. Philipp, private communication. »

2T. M. Donovan, E. ]J. Ashley, and H. E. Bennett, J. Opt. Soc. Am. 53,
1403 (1963).

KF6. Electrical Properties of Clean Surfaces of Degenerate
Germanium. J. E. ALBerGHINI AxD R. M. Broupy, United
Aircraft Research Laboratories.—Clean surfaces of highly doped
n-type germanium of carrier concentration 7222 X101 ¢m™3
have been prepared by cleavage in liquid nitrogen and meas-
urements of surface conductance have been made therein; in
this, ambient surfaces remain clean for many hours. The ger-
manium is cut and oriented in the major crystal coordinate
system (111), {112), {110}, the cleavage direction being {(110)
and the cleavage face being the {I111] cleavage plane; cleaving
in this coordinate system gives smoother, more-reproducible
faces than the usual random orientation in the {111} cleavage
plane. Surface conductance has been measured between two
p—n junctions placed along the cleavage front in a manner
analogous to Handler.! The p—n—p structure provides a high
resistance to the bulk, which is caused by the low forward
conductance at liquid-nitrogen temperature of properly pre-
pared nontunneling junctions below 0.7 V bias. Measurements
on nondegenerate germanium agree roughly with the results of
others, whereas preliminary measurements on degenerate
samples indicate either zero or negligible surface conductance.

1 P, Handler, Appl. Phys. Letters 3, 96 (1963).

KF7. Hall Measurements on Inverted Surfaces of P-Type
Silicon. ALaN B. FowLEr, IBM Waison Research Center.—
Hall measurements were made on silicon surfaces as a function
of the electric field applied across thermally grown oxides.
Substrates of p-type silicon with resistivities from 1 to 100
Q-cm were studied. The mobility was found to increase as the
inversion was increased up to a maximum value at a surface-
charge density of the order of 101 electrons/cm? At higher
fields, the mobility decreased. The maximum value of mo-

bility was found to vary significantly as a function of substrate
doping and heat treatment. The maximum value of Hall mo-
bility of 800 cm?/V -sec was observed on a 100 £-cm substrate.
The maximum wvalue for 1 ©-cm was 400 cm?/V-sec. Heat
treatment at 350°C to remove surface traps also decreased the
mobility.

KF8. Magnetoresistance of /’~-doped Germanium in the Hop
Conduction Range.* W. \W. LEE (introduced by R. J. Sladek)
AND R. J. SLaDEK, Purdue Universily.—Measurements of
magnetoresistance have been made at liquid-helium tempera-
tures and at 77°K on phosphorus-doped germanium samples
having room-temperature carrier concentrations between
7X10% and 3.5X10'¢ cm~3. Field strengths up to 25 kG were
cmployed. It is found that at low temperatures p/po exhibits
a crystalline anisotropy and ficld dependence that are different
than those for the conduction band, in general agreement with
previous results on Sh-doped Ge (Ref. 1). The explanation!?
of the latter, and presumably of the present results also, was
that the magnetic field influences the donor wavefunctions and
thereby, the jumping of elcctrons between donors, which is the
important conduction mechanism at low temperatures for the
samples in question. The magnitude of p/po for P-doped Ge is
smaller than that for Sb-doped Ge of comparable donor con-
centration, as would be expected, owing to the smaller Bohr
radius around the P atom. The dependence of p/pg on tem-
peraturc was also investigated, Some possible explanations of
thesc results are given.

* Work supported by thie U. S, Army Research Office (Durham).
1R, J. Sladek and R. W, Keves, Phys. Rev, 122, 437 (1961).
2 N, Miloshiba, Phys. Rev. 127, 1962 (1962).

KF9. Use of MOS Capacitors in Determining Properties of
Surface States at the Si-SiO; Interface.* JEan F. DELORD,
Dennis G, HorrmaN, Reed College, aAND GENE STRINGER,
University of Oregon.—The dynamic capacitance-voltage
characteristics of metal-oxide-silicon (MOS) capacitors were
studied as a function of silicon-crystal orientation, oxide
thickness, impurity concentration, bias voltage, and ambient
atmosphere. Measurements were made with a Tektronix ca-
pacitance-curve tracer using a fixed 80-kc/scc sampling fre-
quency-superimposed on an externally variable dc bias. This
allows direct capacitance-voltage and capacitance-time dis-
plays on the oscilloscope. Typical values obtained for the
surface-charge density (electrons/cm?) were 4 X104, 6X104,
1.2 X 10" for the (100), (110), and (111) orientations of the
silicon planes, respectively. With the application of a step
bias-voltage, the capacitance approached its equilibrium value
at a rate dependent upon the oxide thickness, silicon orienta-
tion, and the magnitude of the applied bias; reaching equi-
librium in the order of 10ths of seconds. With water vapor
present in the ambient, the repeated cycling of the bias voltage
decreased the time to reach equilibrium by up to a factor of 5.
An explanation of the experimental results is presented based
upon the assumption that the interfacc surface states are of the
Read-Shockley type.

* Experimental measurements were made at Tektronix Inc., Beaverton.

KF10. Scattering Amplitudes for 80-keV Electrons in Dia-
mond, Silicon, and Gray Tin. H. A. FowLER, National Burean
of Standards.—Elastic-scattering amplitudes for small-angle
scattering of electrons at 80 keV have been measured by elec-
tron-diffraction techniques, using transmission through single
crystals of diamond, silicon, and gray tin. One method utilizes
Kikuchi-line widths, another, thickness-extinction contours.
Both differential and absolute scattering amplitudes exhibit
quantitative agreement with scattering calculations by Ibers!
and Zeitler and Olsen.? Variation with Z is as expected from
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