4

e

. : b
Optical Properties of Thin Germanium Films in the Wavelength Range 2000-6000 R

Paul M, Grant

Harvard University and IBM Research Laboratory, San Jose, California

LY

Measurements have been made of the normal incidence reflec=
tivity and transmissivity coefficients R and T of thin germanium
films., Films were deposited in vacuo on fused quartz substrates where
the crystalline perfectiveness of the film was controlled by varying the
substrate temperature so that the effect of crys.talline order on reflec=
tivity could be observed. In addition, epitaxial films were grown on
cleaved Ca.F2 substrates to thicknesses in the rangé 100-3000 &.
Structure in the reflegtivity and transmission spectra showed these
films to possess blullk band properties. However, the amplitudes of
R and T were affected by the presence of film surface roughness
believed to originate {rom nucleatior and growth phenomena., Also,
compressive strain induced by the difference in thermal expansion

coefficients between Ge and CaF ., shifted interband transition

N

structure to slightly higher energies.. Values of the optical constants

=

were deduced from R and T by methods discussed previously.
When experimental and calculational difficulties peculiar to the film
method are accounted for, the results correspond closely to those of

Kramers-Kronig analyses of bulk reflectivity data.
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Research supported by the Office of Naval Research and the IBM Cor-
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axis of the specimien nearly parallel to the incident beam.
The results are interpreted in terms of nonvertical transitions

across a forbidden-energy gap having a value of approximately -

3.3 ¢V at roomn temperature for light with the E vector L to
the ¢ axis. Several luminescent peaks in the visible portion of
the spectrumn have been observed over a range of temperatures,

* Work supported by the U, S. Alr Force.

F2. Optical Constants of Barium and Silver in the Vacuum
Ultraviolet.* E. I. Fisuer, L. R. WmaLLEY, AND . Fujita,
University of Southern California.—The complex index of
refraction, consisting of the real part # and the imaginary part,
the extinction coeflicient &, were determined for bartum and

silver, using data taken on tho r:floctzdd intensities at two
angles of incidence, 17.5% and 72.57, 1he values of noand B
were then obtained from the graphical solution of the Fresnel

cquations, The films were prepared in an ultrahigh-vacuum
reflectometer at 5X 1071 Torr, and reflected intensities were
measured immediately after evaporation.! The plasmon energy,
corresponding to a peak in the value Im(1/¢) =2nk/(n®-+k)?
was now found to be kv=7.6 eV in barium, differing from an
electron-loss value? of 6.25 eV. However, data taken on the
reflected intensities of silver agree very well with other work.?

- * Work supported by the National Aeronautics and Space Administration,
! E, 1, Fisher, 1. Fujita, and G. L. Wejssler, Bull, Am, Phys Soc. 10, 375

(1965).

i J. L. Robins and P. E. Best, Proc. Phys. Soc. (Loudon) 79, 110 (1962).

#E. A, Taft and H. R. Philipp, Phys. Rev. 121, 1100 (1961).

F3. Electrical and Optical Properties of Co Impurities in
GaP.* D. H. Loescuer (introduced by G. L. Pearson), J. W,
ALLEN, axD G. L. PeARrsoN, Stanford University.—Electrical
nieasurements have shown that Co is an acceptor in GaP.
The site symmetry and the electronic configuration of the
cobalt impurities have been determined. Optical-transrhission
measurements were made on sulfur-doped, epitaxially grown
GaP single crystals, into which Co had been diffused. A
crystal-field analysis of the data has shown that the cobalt

had substituted for gallium in the crystals. The analysis also”

showed that the cobalt retained the 3d7 electronic configura-
tion. That is to say, the accepted electron went into an s—p
bonding orbital, not into the cobalt & shell, These results are
in wreemcnt with theory of transition-metal 1mpurxt1es
proposed by Allen.!

* Work supported by National Aeronautics and Space Administration.
i J. W. Allen, Proc. Intern. Conf, Semiconductors, Paris, p. 781 (1964).

Optical Prope
velength Range A

Dmtlers”y and IBA [ Research Labaratary San Josz.—Meas-
urements have been made of the normal-incidence reflectivity
and transmissivity coefficients R and 7T of thin germanium
films. Films were deposited 11 vacuo on fused-quartz substrates
where the crystalline perfectiveness of the ilm was controlled
by varying the substrate temperature so that the effect of
crystalline order or reflectivity could be observed. In addition,
epitaxial films were grown on cleaved CaF; substrates to
thicknesses in the range 100-3000 . Structure in the reflec-
“tivity and transmission spectra showed these films to possess
bulk band properties. However, the amplitudes of R and T
were affected by the presence of film-surface roughness be-
lieved to criginate from nucleation and growth phenomena.
Also, compressive strain induced by the difference in thermal
expansion coefficients between Ge and CaF; shifted interband
transition structure to slightly higher energies. Values of the
optical constants were deduced from R and T by methods

discussed previously.! When experimental and calculational”

difficulties peculiar to the film method are accounted for, the

results correspond closely to those of Kramers-Kronig
analyses of bulk-reflectivity data.
* Research supported by the U. 8. Office ol Naval Research and the

IBM Corporation.
t P, M. Grant, Bull, Am. Phys, Soc. 10, 546 (1965).

¥s. Spatial Distribution of Photoluminescence in Diffused
GaAs p—n Junctions. L. A, D'Asaro, P. R.  FOURNIER, AND

* H. J. Queisser, Bell Telephone Laboratories.—The spatial

distribution of photoluminescence was measured across an
Zn-diffused p—= junction in GaAs. A focused 6328-A gas laser
excited luminescence on an etch-beveled sample with a 1000:1
taper. The luminescence spectra across this bevel are similar
to thoue observed in bulk sampli of equivalent doping, but
quantum efficiency varies with position,
junction depths x;=1.2 u and average diffused concentrations
P=1X10% cm™? from a ZniAs; source in a Sn-doped crystal
with #=10' ¢cm™® showed an intensity minimum at the
junction, as expected from charge separation by the junction
field. QOther samples with identical x; and # but p=2.5X 1018
cm™3 diffused from a Zn—-Ga source showed, in addition to the
minimum, a relative maximum located 0.3 u from the junc-

tion on the z side. This maximum was observed at 77° and-

300°K. The maximum intensity was enhanced by heating
above the diffusion temperature and then quenching. The
diffusions from the Zn-Ga source were found to affect the
quantum efficiency in the #~GaAs down to three times the
junction depth.

F6. Photoemission Studies and Band Structure of Palladium.*
A. Yu (introduced by W. E. Spicer) AND W. E., SPICER,
Stanford University.—Photoemission measurements have been
made on evaporated Pd film in a continuously pumping vacuum
chamber with pressure less than 10~® Torr. Nondirect transi-
tions are dominant in this material, although there is also
evidence of direct transitions, Using photoemission data alone,
density-of-states miaxima are located at 0.1 and 1.1 eV
below the Fermi energy Er. Using photoemission and optical
data,! a third density-of-states maximum is tentatively located
3.6 eV above Ep. For E>Ep—2 eV, the density-of-states
curve appears strikingly similar to that of Ag (Ref. 2) when

the Fermi-level shift of 4 eV is taken into account. The’

occurrence of a high density-of-states peal just below the
Fermi level is in agreement with specific-heat data® and
deHaas~van Alphen measurements,*

* Worlk supported by the National Science Foundation and by the Advanced
Research Projects Agency.

1 D. Heaglehole, private communication.

?(a) C. N. Bcr?lund and W, E. Spicer, Phys. Rev, A136, 1044 (1964). (b)
Earlier resulto {Ref 3 atud»cs mdlc ilL"\ that the band structure

A co«_ Illy“. Soc. 81, 717 (1963),

b y d P. Rhad
471, J, Vuillemin and M. G. 1v3, Rev, Letters 14, 307 (19653).

F7. Photoemission Investigation of the CdSe Band Structure.*

J. L. Suav} anp W. E, Seicer, Stanford University.—Using
energy distributions normalized to the quantum yield, the
photoemission data! from single crystals of CsSe, cleaved in
vacuum ranging from 107¢ to 107°® Torr, have been analyzed in
detail in order to scparate the contributions arising from

direct and nondirect transitions. The strongest direct transi- -

tions occur at kv =7.4 and 8.8 eV (corresponding to peaks in
the reflectivity spectra?). Both direct transitions are found
to originate from states approximately 1.7 eV below the
valence-band miaximum. If the transition for hy=8.8 eV
originates from states near I'¢ in the valence band,? one con-
cludes that the hr=7.4 eV transition also originates from
these states and that the final states for the kv =7.4-eV transi-
tion are near @'y in the conduction band., Hence, the matrix
element (I's|p|Ts) is not as small as previously suggested.
From the nondirect transitions, the valence-band -density o
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