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INTRODUCTION

1. SOLID STATE DEVICE RESEARCH

Laser emission has been observed in the wavelength region between 11 and 16p in several
Pb_Sn

x 1
herent cmission was obtained from a H)O 865"0 HTQ alloy sample at 11.6u, from a

P0.83%%0.17 0.8
the band structure of the Pbenl_xTc alloy system has been proposed to explain the com-

‘xTc alloys at 12°K, optically excited by radiation from a GaAs diode laser. Co-

Te sample at 14.9p and from a Pb Sn0 ]gTe sample at 15.9u. A model of
positiondependence of the band gap and the change in sign of the temperature cocfficient of
the band gapbetween PhTe and SnTe. According to our proposed band model, with increas-

ing Sn composition the ¢nergy gap of Pben _xTc initially decreases, goes to zero at some

1
intermediate composition where the valence and conduction band edges become degencrate,
and then increases, with the previous valence band now forming the conduction band edge

and previous conduction band forming the valence band edge.

Laser emission has also been observed in the ultraviolet at several wavelengths between
3245 and 3300 A at hoth liquid helium and nitrogen temperaturcs from ZnS single crystals
pumped by an electron beam. Peak output power of 1.7 W has been obtained with a power
efficiency of 6.5 percent. As many as 10 different laser lines have been observed 1o em-
anate from a single sample at irregularly spaced wavelength intervals in this region. It
was determined that these laser lines were emitted from different points on the cavity face.
Each line presumably corresponds to a different laser filament, and the spatial variation
in wavelength is most probably caused by crystal inhomogeneities.  With high spectral
resolution each of the different laser lines exhibits the familiar Fabry-Perot cavity mode
structure. Becausc of the very large dispersion of the refractive index of ZnS near the en-
ergy gap, the mode spacing decreases rapidly with decreasing wavelength, from a value of
0.3 A at 3291 A to 0.16A at 32454

By using an clectronbeam, we have also obtained laser emission from ZnO with a peak out-
put power of 1 W andan cfficiency of 1.3 percent at 4.2°K, and a peak output power of 0.5W
with an efficiency of 0.5 percent at 77°K,

CdS clectron-beam-pumped lasers have had consistently higher threshold currents and
lower power efficiencies than CdSe and CdeSe]_x. with x as large as 0.9. Using somc
new CdS platelets, we have now obtained CdS clectron-beam-pumped lasers with thresh-

olds and efficiencies more nearly inline with those of the other 1I-ViIsemiconductor lasers.

Xenon flashlamp pumping of semiconductor lasers was extended to shorter wavelengths and
higher temperatures. Laser emission has been observed from InSb at liquid helium tem-
perature and from CdSe, CdSO.()ScOA, and CdS at both liquid helium and liquid nitrogen
temperatures. The thresholds are comparable with those obtainedin clectronbeam pump-

ing and in InSb with diodes of this material.
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The emission spectra at several injection levels have been obtained from diode lasers of
PbS, PbTe, and PbSe. The emission spectra for the three materials are similar and re-
main unchanged with increasing injection level. The invariance of spectral shapes and
peak positions with increasing diode current suggests an absence of band filling and that

injected carriers may be nondegenerate, even at laser threshold.

II. OPTICAL TECHNIQUES AND DEVICES

The electro-optic effect has been observed in crystalline selenium (32 point-group sym-
metry) for 10. 6-pm radiation; the value of the coefficient r), was measured to be ~2.5 x
10"°cm/v. Trigonal selenium, which is uniaxial and piezoelectric, appears to be the
first elemental crystal in which the electro-optic effect has been observed. The value
given above is in agreement with a phenomenological theory of optical harmonic genera-
tion, optical rectification, and the linear electro-optic effect set forth by R.C. Miller in

1964.

A high-power pulsed ruby laser has been used to range on retroreflector-equipped sat-
ellites at ranges up to 1000 nin. The laser and associated receiver were pointed at the

targets, using a slave-tracking interconnection with the Millstone radar.

IlI. MATERIALS RESEARCH

Metal solution calorimetry has been used todetermine the heat of formation for InSb(lll),
the new high-pressure phase reported recently, as well as the heats of formation for at-
mospheric pressure InSb(I) and high pressure InSb(11). The results of x-ray diffraction
and supcreonducting transition temperature measurements show that InSb(III) is not the

same as the orthorhombic high-pressure phase of InSb.

The resistivity of MnAs at 77°K has been measuredas a function of hydrostatic pressure.
The data show that at this temperature the B8 structurce stable at atmospheric pressure
is transformed into the B31 structure at 4.5 kbars. This result confirms the conclusion

that above 4.5 kbars the B31 structure is stable down to the lowest temperatures.

Negative magnetoresistance has been observed at 4.2° and 77°K in single crystals of
’1‘1203 doped with | to 3 atomic percent V. At 4.2°K, the resistivity is reduced by about
10 percent at 170 kG, the highest magnetic field employed. The negative magnetoresist-

ance is attributed to the presence of V with localized magnetic moments.

On the basis of x-ray diffraction and clectrical conductivity data for L.aCo()sv the first-
order phase change which occurs in this compound at 937°C has been 1dentified as a
localized-electron & collective-clectron transition. The x-ray results show that the
crystal space group is R3¢ below 375°C and R3 above this temperature.  Ordering of
high-spin and tow-spin Co ions occurs on the two types of octahedral Co sites distin-

guishablc in the R3 symmetry.

X-ray diffraction studies have shown that I’hRu()3 has a modified pyrochlore structurc

containing ordered oxygen vacancies, which act as clectron traps. The structure is
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stabilized by trap-mediated cation-cation bonds between the four lead ions neighboring

each oxygen vacancy.

Laser action has been observed in YVO4:.\'d rods at pulsed thresholds of 2-3], which are
comparable to those obtained for YAG:Nd lasers. The strong yellow fluorescence excited
by 2537 or 3660A radiation in pure YVO, is completely quenched in YVO,:Nd crystals.
The quenching is attributed to energy transfer from the host lattice to the Nd+3 ions.

An analytical method based on automatic potentiometric EDTA titrations has been devel-
oped for the determination of Pb and Sn in PbTe-SnTe alloys. Accuracies of 1 to 2 parts
per 1000 have been obtained for titrant volumes in the 2- to 10-ml range.

IV. PHYSICS OF SOLIDS A

Sensitive modulation techniques are being used to study the reflectivity and the magneto-
reflectivity of solids in the vacuum ultraviolet, visible. and near-infrared regions of the
spectrum. In addition to the magneto-piezo-optical technique which was reported in the
last Solid State Research Report, studies have been initiated using electroreflectance, by
means of an electrolyte, magneto-electroreflectance, and also modulation by passing
pulsed electric currents through a sample. Our experimental results suggest that the
latter effect is due to thermal modulation. Preliminary room temperature results in ger-
manium, InSb, and GaSb have demonstrated an impressive enhancement of the resonances
associated with interband transitions across energy gaps. Furthermore, it has been
demonstrated that the electroreflectance technique works as well in metals as it does in

semiconductors.

Far-infrared studies of the Zeeman effect in germanium doped with the Group Il impu-
rity gallium have now been extended to high magnetic fields. Additional splittings of the

lines have been observed.

The study of propagation of 9-GHz longitudinal ultrasonic waves in n-InSb at low tem-
peratures and magnetic fields up to 25 kG has been completed. This experiment has
yielded a direct determination of the magnitude of the piczoelectric constant €4 and the

conduction-band deformation potential C].

Recently observed nonlinearities in the interband magneto-absorption in InSb have been H
interpreted in terms of electron-LO phonon interaction on the conduction-band Landau
levels. However, the high-field magneto-absorption states may be almost entirely bound
exciton-like; the effect of electron-phonon interaction on the energy of the bound exciton

states in strong magnetic ficlds is now being investigated.

Using the Slater-Koster technique, secular determinants have been set up for TiO,, TiO,

TiN and TiC. Transfer integrals have been evaluated for the last three materials.

Previous investigators have usually reported a local maximum in the susceptibility of
l.aCoO3 at 90°K, except for one recent single crystal study. Our study indicates that the

magnetic properties of this chemically pure material are strongly dependent on the
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method of preparation. Samples have been obtained which exhibit the suscepribility max-
imum, and this maximum can be removed by additional regrinding and refiring.

X-band magnetic resonance linewidth studies of polycrystalline ferromagnetic chalco-
genides are continuing. The temperature dependence of the resonance linewidth has been
measured for CdCrZSe4 and CdCr254.

Antiferromagnetic resonance has been observed at millimeter wavelengths in the normal
cubic spinels ZnCrZSe4 and ZnCr254. In ZnCr25e4. a discontinuity was observed in the
resonance field at the Néel temperature suggesting a first-order transition. No such dis-
continuity was found in ZnCrZS4, and the temperature dependence of the resonance sug-
gests a second-order transition.

Calculations by means of high temperature expansion techniques of properties of a clas-
sical Heisenberg magnet are continuing. Contrary to proposals by others, it is found that
the form of the divergence of the zero-field static susceptibility does depend on the spin
quantum number S. Furthermore, evidence is presented that a phase transition exists
just as convincingly in the two-dimensional Heisenberg model with nearest-neighbor fer-

romagnetic interactions as in the three-dimensional case.

A proof has been given of the virial theorem for a homogeneous interacting electron gas

in a2 uniform background of positive charge.

A perturbation-type calculation shows that for a large class of orbitals the ground Slater

determinant of minimum energy for the H™ ion s not a bound state.

Theoretical analysis of the possible improvementin the efficiency of energy conversionby

using inhomogeneously alloyed materials is under way.

Stimulated Brillouin scattering in single crystal quartz has been studied in the temperature
range 2.1 to 300°K. Contrary to recently reported Russian work. no increase in the

Stokes shift is found at temperatures below 80°K.

The study of the temperature dependence of second~harmonic incoherent scarttering is
continuing. A calculation which includes internal optical and static fields but neglects ori-
entation correlation explains qualitatively, via the fourth-rank susceptibility tensor, the

rapid decrease of scattering observed in CCl4 on approach to boiling.

Raman scattering from charge carrier plasmons has been observed for the first time in a
solid. The results have verified the recently predicted theoretical behavior ofa plasmon-

phonon system.

First-order infrared Raman spectra have been observed for the first time in solids: the
materials studied have been GaAs, InP. AlSb and GaP. Up to now, Raman scattering had

not been observed in the first three of these semiconductors.

The Raman cross section for light scattering by electrons making transitions between
Landau levels in the conduction band of a semiconductor has been calculated, and appears
for InSb to be two orders of magnitude greater than previously published estimates which

neglected the effects of degenerate valence bands.
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I. SOLID STATE DEVICE RESEARCH

A. BAND STRUCTURE AND LASER ACTION IN Pbenl_xTe

Spontaneous and coherent emission at wavelengths between 11 and 16 p has been observed
in F‘ben1 _xTe alloys at 12°K, optically excited by radiation from a GaAs diode laser. A model
of the band structure of the alloy system has been proposed to explain the composition depend-
ence of the band gap and the change in sign of the temperature coefficient of the band gap between
PbTe and SnTe.

In the photoluminescence experiments, a small crystal sample and the GaAs laser pump were
mounted on a copper heat sink which was in contact with liquid helium.! The Fabry-Perot cavity
was formed by two parallel faces of the sample which were perpendicular to the surface irradiated
by the GaAs laser beam. Current pulses of a few microseconds duration were applied to the
GaAs diode at the rate of 3000/sec.

Figure I-1 shows the emission spectra of a Pbj g4 Sng 4g9Te laser at 12°K, below and above
threshold. The sample was a vapor-grown n-type crystal (n = 1.7 X 10”.:m"3 at 77°K) with the
as-grown shape of a parallelepiped 550 1 long in the direction of laser emission. The onset of
coherent emission occurred at a GaAs diode current of 3.7A, which corresponds to approximately
1.5W of 0.84-u radiation. A single-cavity mode at 15.9 p was excited at currents between 3.7
and 8 A, and multimode operation was observed at higher currents. The mode spacing corre-
sponds to a value of approximately 6.5 for quantity [no = }‘o dn/dA}. Coherent emission was also
obtained from a Pb0.835n0.17Te alloy sample at 14.9 u and from Pbo.aésno.mTe at 11.6 p.

The luminescence data of Fig.1-1 give an energy gap of 0.078 eV for Pbo'B{Sno_iqTe at 12°K,
compared to 0.186 eV obtained in PbTe from luminescence measurements at this temperature.

A decrease of the energy gap with increase in Sn concentration has also been observed in

Pb-rich Pbxsni—xTo alloys at 300°K by means of optical absorption measurements. However,
recent tunneling experimentsS have indicated that SnTe is a semiconductor with an energy gap
at 4.2°K of approximately 0.3 eV, that is, larger than the energy gap of either PbTe or
Pbo.msno.mTe at low temperatures. Furthermore, inspection of the tunneling data at 300°K
indicates that the band gap in SnTe at this temperature is approximately 0.18 eV, that is, smaller
than the gap 1n SnTe at low temperatures. This decrease in the energy gap with increasing
temperature is opposite to the temperature dependence of the energy gap in PbTe. These results
led us to propose a band structure model of the Pbenj_xTe alloys in which the valence and con-
duction bands of SnTe are inverted from those of PbTe.

The valence and conduction band edges in PbTe occur at the L point in the Brillouin zone.
It is believed that the valence band edge is an [,g state and the conduction band edge is an Lg
state6 According to our proposed band model, with increasing Sn composition the energy gap

initially decreases, goes to zero at some intermediate composition where the Lg

and L states
become degenerate, and then increases, with the Lg state now forming the conduction band edge
and the L,(: state forming the valence band edge. Since the LZ and L(; states each have only a

twofold spin degeneracy, their crossover does not result in a semimetal but in a semiconductor

with the valence and conduction bands interchanged. Figure 1-2 shows schematically the proposed
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Fig. I-1. Emission spectra of optically excited
PbO.BlsnO. ]9Te at about 12°K, obtained be-
low threshold at GaAs diode current of 3 A and
above threshold at 6.4 and 10A. Spectra above
threshold show resolution-limited mode structure.
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Fig. 1-2. Schematic representation of valence and conduction bands
at 12°K for PbTe, for the composition at which the energy gap is
zero, and for SnTe.




Section |

L A 12°K REF 2
g ® 12°K THIS WORK
03 \ ® 4.2°k REF 5
‘S A 300°k REF 3
\L\ O 300°Kk REF 4
= \ 4 O 300°K REF 5
‘\\ \\
=N \o
\
Q- \ \
. \ N
1 . N
Fig. 1-3. Energy gap of Pb,Snj_xTeasa = \ N\
function of mole fraction of SnTe, 1 —x. % i : W i !
Data points are obtained from lumines- 5 ° N AN
cence at 12°K, optical obsorption at & | N LY
300°K, and tunneling in SnTe at 4.2° and g N N
300°K. il \\ AN
\ N
- N\ N
AN N
N 0
-0 \
N
- N
N
-o3- N
-0 1 1 ] 1 1 I 1 1 1

° 0.2 0.4 0.6 o8 1.0
PbTe 1=x SnTe

model for valence and conduction bands for PbTe, for the composition at which the energy gap
is zero, and for SnTe.

In Fig. I-3, we have plotted the energy gap as determined by the luminescence data at low
temperatures and by the optical absorption data at 300°K. The gap energies determined from
the tunneling experiments in SnTe are also plotted but as negative values to conform with the
proposed inverted band model. A dashed curve has been drawn through the low temperature
data to indicate roughly the gap variation with composition, and a parallel curve has been drawn
through the room temperature data. The extrapolations indicate that at 12°K the energy gap
passes through zero at 1 — x ~ 0.35 whereas at 300°K this occurs at 1 — x & 0.62.

The change in energy gap with composition for the Pben1 _xTe alloy series can be under-
stood qualitatively in terms of the difference between the relativistic effects in Pb and Sn.
Conklin, Johnson and Pratt® have calculated the band structure of PbTe and have shown that rel-
ativistic corrections are extremely important in determining the positions of the energy bands.
An estimate of the difference in these corrections for the conduction and valence bands of PbTe
and SnTe can be obtained from the calculated band functions of PbTe and the difference in the
relativistic effects for the valence states of atomic Pb and Sn. The band calculations indicate
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that about 36 percent of the valence band Lg state comes from a Pb s-state and 31 percent of
the conduction band L‘6 state comes from a Pb p-state. The difference between the relativistic
shifts of the valence states of Pb and Sn is 2.75eV for the s-states (6s for Pb vs 5s for Sn) and
0.73 eV for the p-states.7 Using these values, we estimate an upward shift of the Lg state by
0.99eV and of the L'b- state by 0.23 in going from PbTe to SnTe. This corresponds to a rel-
ative shift of 0.76 eV and indicates that the bands should cross at some intermediate value of
composition. The data and interpretation indicated in Fig. [-3 call for a shift of only about
0.5eV. Relativistic effects, therefore, more than account for the change in energy gap required
by the model. On the basis of the difference between the relativistic shifts in Pb and Sn, similar
variations in band structure with composition can be expected in the Pbeni_xSe and Pbenj_xS
alloys with rock~salt structure.

Because of the energy band crossover, the temperature dependence of the energy gap for
SnTe and the Sn-rich alloys is of opposite sign and, as can be seen from the data in Fig. 1-3,
about equal in magnitude to that of PbTe and the Pb-rich alloys. This should be true for the
pressure dependence of the energy gap as well. For alloys on the Sn-rich side of Pb0‘658n0.35'1‘c,
it should be possible to close the energy gap by increasing the temperature. For alloys on the
Pb-rich side, it should be possible to close the energy gap by increasing the pressure. The
energy gap in SnTe should close at about 470°C, whereas at 12°K the energy gap in PbTe should
close at about 25kbar8 For the alloy Pbo'sjsno.wTe, the energy gap at 12°K should close at
about 10kbar, assuming that the pressure coefficient is the same as that of PbTe. The possibility
of arbitrarily reducing the energy gap by changing the composition or by varying pressure or
temperature is especially attractive for use in long wavelength infrared detection as well as for
tunable long wavelength lasers. Unfortunately, many of the interesting transport phenomena

associated with small effective masses may be obscured in the Pben _\:Te alloys because at

present they can be grown only with very high carrier conc:entrations.1 However, it should be
interesting to observe the luminescence as the gap energy approaches the vicinity of the optical
phonon energies. This occurs at 0.0135eV or 92 (longitudinal) or 0.0039 eV or 320 (transverse)
in PbTe.? One would expect the luminescence to be quenched in the vicinity of these energies

due to the possibility of nonradiative interband transitions via optical phonons. On the other

hand, this may result in the generation of unusually high optical phonon densities. If quenching
does occur, it would also be interesting to see if the luminescence resumes at longer wave-

lengths and, if so, at what wavelength it finally ceases.
J.O. Dimmock
I. Melngailis
A.J. Strauss

B. EFFICIENT ULTRAVIOLET LASER EMISSION
IN ELECTRON BEAM EXCITED ZnS

Using pulsed electron beam excitation on single crystals of ZnS, we have obtained at both
liquid helium and nitrogen temperatures efficient semiconductor lasers in the ultraviolet portion
of the spectrum. Up to 1.7 W of peak output power with a power efficiency of 6.5 percent has

been measured in the spectral range from 3245 to 3300 A. Efficient electron-hecam-pumped laser

* The work described in this section was supported in part by the AF Avionics Laboratory Director’s Fuad, Item Nr. 65-86.
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emission‘o'“ in the visible region from crystals of CdS, CdSe, and CdeS(ei_x and ultraviolet
laser camission12 with substantially lower efficiency from ZnO have recently been reported.
Laser samples were made from undoped, single-crystal, vapor-grown platelets of hexag-
onal ZnS. The sample preparation and experimental techniques have been described previ-
ously.io Sample dimensions were approximately 150 X 2-3 4 X 4 mm, the first dimension being
that of the optical cavity. In addition to the strong ultraviolet fluorescence, the samples exhib-
ited some very faint yellow emission. However, none of the well-known red, green, or blue
fluorescence found in ZnS phosphors was detected, indicating that these crystals were essentially
free of the deep impurities responsible for this visible emission. The electron beam of ap-
proximately 0.5-mm diameter was pulsed with 200-nsec pulses at a repetition rate of 60/sec.
Typical spectra at liquid helium temperature slightly below and above the laser threshold
are shown in Fig.1-4. The abrupt appearance of the strong laser line at 3291 A is clearly evi-
dent. Actually, this line is only one of at least 10 laser lines which were observed to be

BEAM CURRENT DENSITY 120 ma/em?
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Fig. I-4. Emission spectra of electron-beam-pumped ZnS near liquid helium
temperature: below laser threshold (lower trace) and slightly above laser
threshold (upper trace). Electron energy is 40 keV. Sample dimensions are
150 X 3 X 1 mm; first dimension is cavity length. Note difference in
emission intensity scales.
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emanating from a single sample at irregularly spaced wavelength intervals in the region from
3245 to 3300 A The threshold current densities for these lines varied somewhat, but did not
appear to be correlated with the emission wavelengths. By carefully focusing a magnified (2:1)
image of the emitting face of the sample at the plane of the entrance slit of the spectrometer, and
then scanning this image across the slit opening, it was determined that these laser lines were
being emitted from different points on the cavity face. Each line presumably corresponds to a
different laser filament, and the spatial variation in wavelength is most probably caused by
crystal inhomogeneities (e.g., variations in impurity or defect concentrations). Within the es-
timated 50-u spatial resolution of the optical system, there was no corresponding variation in the
spontaneous emission spectrum. The significance of this latter observation is obscured some-
what by the fact that the effective spatial resolution for the laser emission is much finer, being
approximately equal to the 2.5-p filament diameter, the value of which was inferred from the
measured 7° beam angle for single filament emission. Similar results were obtained at nitro-
gen temperature, with the lines shifted about 15 A toward longer wavelengths, in accordance

with the decrease of the energy gap at the higher temperature. Further work is now in progress
in an attempt to understand the observed behavior.

Although the free exciton transitions occurring at wavelengths of 3200 A and shorter have
been identified,!3 the published studies of the optical properties of hexagonal ZnS in the spectral
region from 3200 to 33004 lack sufficient detail and general agreement to permit the identification
of the optical transitions involved in the present spontaneous and stimulated emission. However,
in analogy with CdS, the major spontaneous peaks are probably related to bound exciton states 14,15
We note that, as in CdS, both the spontaneous and stimulated emission were strongly polarized
with E] C.

With high spectral resolution, each of the laser lines exhibits the familiar Fabry-Perot

cavity mode structure, a typical example of which is shown in Fig. I-5 for the 3291 A line. A
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Fig. 1-5. High resolution spectrum of 3291 A laser line from elecfron-beom—pumped. Zn.S
near liquid helium temperature. Electron energy is 40 keV and beam current density is
1.6 A/crnz. Sample dimensions are same os for Fig. 1-4.
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time-resolved spectroscopic tr;‘cl'miqu@10

was employed to minimize the spectral shift and con-
sequent blurring of the modes due to the rise in sample temperature during the pulse. No other
significant temporal changes in the laser spectra were observed. Because of the very large
dispersion of the refractive index of ZnS near the energy gap,if’ the mode spacing decreases
monotonically with decreasing wavelength, from a value of 0.3 A at 3291 A to 0.16 A at 3245A.
Using the usual Fabry-Perot mode spacing formula, including the dispersion correction, and a
measured Savity length of 1_50 @, the above spacings correspond to values for [no =2, dn/dA] of
12 at 3291 A and 22 at 3245A.

The minimum electron energies for laser action were 18 keV at helium temperature and
26 keV at nitrogen temperature, for which the threshold current densities were about 750 and
400 mA/cm?
energy, but began to level off as the energy reached about 40keV, at which point a significant

, respectively. The threshold current decreased rapidly with increasing electron

fraction of the incident electrons began to pass completely through the thin samples. At 40keV,
the threshold current densities were approximately 100 and 400 an/crn‘2 at helium and nitrogen
temperatures, respectively.

The peak output power and efficiency increased strongly with both beam voltage and current
but began to saturate at a voltage of 40 kV due to the loss of fast electrons through the sample,
and high currents due to heating. A peak output power of 1.7 W with a corresponding power
efficiency of 6.5 percent at helium temperature and 0.6 W with an efficiency of 2 percent at
nitrogen temperature was measured.

By analogy with the resultsi? in CdeSe this observation of efficient laser action in

1-x’

ZnS indicates that it also should be possible to produce efficient lasers of the ternary compound

Zn_Cd
s

lasers.

xS, thus extending to 3245 A the continuous wavelength range of efficient semiconductor

C.E. Hurwitz

C. ELECTRON BEAM PUMPED LASERS OF ZnO AND CdS

The observation of laser action near 3750‘& in ZnO excited by a 15-keV electron beam was
first reported by Nicoll 12 Using a beam with electron energies up to 50keV, we have obtained
ZnO lasers with almost an order of magnitude lower threshold currents and with higher power
conversion efficiencies than those observed by Nicoll. Sample dimensions were approximately
250w X 54X 4 mm and the beam was pulsed with 200-nsec pulses at a repetition rate of 60/sec.
With a 50-keV beam the threshold current density at both liquid helium and liquid nitrogen tem-
peratures was about 200 mA/cmZ. A peak output power of 1 W with an efficiency of 1.3 percent
at 4.2°K and 0.5W with an efficiency of 0.5 percent at 77°K was measured.

Previous measurements on CdS electron beam pumped lasers10,11 consistently yielded
higher values for the threshold currents and lower values for the power efficiencies than obtained
for CdSe and for CdeSei_x
from D.C. Reynolds of the Aerospace Research Laboratory, Wright-Patterson AFB, we have now

, with x as large as 0.9. Using some new CdS platelets received

obtained CdS electron beam pumped lasers with thresholds and efficiencies more nearly in line
with those obtained in the other II-VI semiconductor lasers. For a 50-keV beam, threshold
current densities as low as 200 mA/cm2 at 4.2°K and 400 mA/cmZ at 77°K and efficiencies as

high as 7 and 1.5 percent respectively, have been measured. The particular crystal property
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whose variation gives rise to large observed variations in efficiency and threshold is unknown;

however, further investigation of this behavior is presently underway.

C.E. Hurwitz
D. - FLASHLAMP PUMPING OF SEMICONDUCTOR LASERS

Xenon flashlamp pumping of semiconductor lasers was extended to shorter wavelengths and
higher temperatures. The lowest thresholds obtained and the emission wavelengths are given
in Table I-1 for the semiconductors studied. For each of these samples the cavity length was
about 500p. In order to compare the results with those to be expected in electrical injection
devices, the thresholds have been expressed in equivalent k“\/cm2 by multiplying the photon
flux density by the electron charge. Only the pump photons with wavelengths shorter than the
emission wavelengths were considered. Multiple electron-hole pair production and reflection
losses were neglected. Computing the equivalent electron-hole pair production from the electron
beam results of Hurwjtz” on C‘dS\,So’_\: using the approximations of Klmn,’8 one obtains thresh-
olds in this same region. This ag‘room;-nt between the thresholds for optical and electron beam
pumping implies that the active volumes were similar. Additionally, the laser thresholds of
optically pumped InSb and diodes made of this material are in agreement. One may conclude
that.devices such as p-n junctions of these I1-V]I semiconductors, not yet fabricated, may be

expected to have laser thresholds comparable to those given in Table I-1.

TABLE -1
OPTICALLY PUMPED LASER THRESHOLD VALUES AND LASER EMISSION WAVELENGTHS.
THE THRESHOLD VALUES HAVE BEEN EXPRESSED AS AN EQUIVALENT CURRENT DENSITY
BY MULTIPLYING THE PHOTON FLUX DENSITY BY THE ELECTRON CHARGE
Temperature Flux Density Wavelength
Material (°K) (kA /cm?) (W)
InSb 4 0.3 5.3
CdSe 4 0.8 0.685
77 L. & 0. 699
CdS, ,Se 4 Il./7 0.560
0.6 0.4 77 6.2 0.567
CdS 4 g9, 0.493
77 5.5 0. 497

R.J. Phelan, Jr.

E. EMISSION SPECTRA OF Pb SALT DIODE LASERS

Figures 1-6 through I-8 show the emission spectra measured at several injection levels for

diode lasers of PbS, PbTe, and PbSe. The diodes were fabricated from p-type annealed material
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-3 -3 -3

for PbS, 6.5 X 10”cm for PbTe and 2 X 10”cm

for PbSe. Fabrication methods and spectral measuring techniques have been previously
19-21

with carrier concentrations of 3 X 10”cm
described. In these devices the four cleaved sides perpendicular to the p-n junction plane
act as totally reflecting surfaces and laser action probably occurs in the internally reflected
modes of the rectangular cavity. In all spectral measurements, the light path outside the dewars
was maintained in a dry nitrogen atmosphere. Diode currents were supplied in pulses of a few
microseconds duration at a repetition rate of 10 kc/sec. Threshold currents for the PbTe and
PbSe diodes used in these experiments were substantially higher than in previously investigated
units.

The emission spectra for the three materials are qualitatively similar to each other. Note
that laser action is seen initially as an abrupt spike; there is no narrowing of the overall
spectrum. This property seems to be characteristic of diodes in which laser action occurs in
totally reflected internal modes and has been observed in other semiconductor‘s.22 Spontaneous
emission linewidths are 2.7, 2.3 and 1.8 meV for PbS, PbTe and PbSe, respectively. The shapes
of the spontaneous emission curves remain unchanged with increasing injection level. A small
shift to higher energies presumably due to heating, which is especially noticeable in Fig.1-7,
could be decreased by lowering the diode current duty cycle. The energy difference between the
spontaneous peaks of the 500 and 850 A/cmz spectra in Fig.1-7 corresponds to a temperature
rise of about 0.5°K.

A detailed analysis of these spectra is felt to be inappropriate because of lack of knowledge
of distributions of donors and acceptors near the p-n junctions and because of the difficulty in
accounting realistically for distortion of the spectra by self-absorption. However, some
qualitative observations can be made. The invariance of spectral shapes and peak positions
with increasing diode current implies an absence of band filling and suggests that injected
carriers are nondegenerate, even at laser threshold. The spectral widths are consistent with
radiative transitions being predominantly between bands. This is the expected model for ra-
diative transitions in the Pb salts since, due to the large static dielectric constants,z""m'zs
shallow impurity and exciton binding energies are negligible. Magnetic field studi(-3526 give
further evidence that luminescence is due to band-to-band transitions. The low energy tails
evident on all spectra may be attributed to transitions in which k is not conserved, or to spatial
variations in the energy gaps caused by lattice distortions in the vicinity of impurities or other
lattice defects.

Emission peaks have been observed about 27, 23 and 15 meV below the main emission peaks
of PbS, PbTe and PbSe, respectively. In each material the spectral shape and intensity of this
low energy emission varied from one diode to another and, in many units, were absent. This

variability suggests that it is associated with impurities.

J.F. Butler

10
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II. OPTICAL TECHNIQUES AND DEVICES

A. ELECTRO-OPTIC EFFECT IN TRIGONAL SELENIUM AT 10.6 ym

Recent interest in the nonlinear optical behavior of selenium in the infrarcd"z has led us
to consider its electro-optic properties in this region. We have observed the electro-optic ef-
fect in crystalline selenium (32 point-group symmetry) for 10.6-pm radiation, and measured its
value to be Ty ™ 2.5 x 1010 em/V. Trigonal selenium, which is a member; of group VIB of
the periodic table, is an elemental semiconductor with a bandgap at ~8000A. It is uniaxial and
piezoelectric, and appears to be the first elemental crystal in which the electro-optic effect has
been observed. As expected from its large index of refraction,3 the electro-optic coefficient of
selenium was found to be relatively high (considering class 32 crystals, it is the highest observed
to date).

The observed electro-optic coefficient is in agreement with Miller's phenomenological theory
of optical harmonic generation, optical rectification, and linear electro-optic e.-t't‘ect.4 Thus the
tensor element discussed by Miller, calculated from the measured electro-optic coefficient Tyqr
has a value 6;‘)1(54.‘)/(4#)3 ~ O x 10-9 esu, which is comparable in size with the value for quartz
which is 8 & (quartz)/(4m)® ~ 0.25 x 107°

group symmetry), as well as with the values for other crystals measured to datc.-.4 Qualitative

esu (quartz is also a piezoelectric crystal of 32 point-

agreement of the kind discussed by Miller is also seen between the SHG tensor element for Se
which is given by Patel2 as 612;”(80)/(4:)3 ~ 0.5 % 10.9 esu, and the value of 6&(5(})/(47}')3 given

above.
M. C. Teich
Theodore Kaplan

B. RUBY LASER RADAR

A program is in progress to track and obtain accurate ranges of orbiting satellites through
use of a combination of microwave and optical radar techniques. High-power pulsed lasers,
such as Q-switched ruby, can emit very short and intense pulses having small beam divergence.
Such beam intensities incident on satellites having cube-corner retroreflectors result in signif-
icant radiation intensities at a suitable receiver, permitting range determinations of the bodies
to accuracies of a few centimeters. Because the laser beam divergence is typically about a
milliradian, it is necessary to provide pointing of the laser mount onto the object to a minimum
of such accuracy. With laser pulse repetition rates of about 1/sec, it is not practical to attempt
to acquire or hold an orbiting body in the laser's field of view by using laser "echoes" alone. It
is very possible to use manual optical tracking techniques during the hours that a sunlit satellite
is viewed against a darkened sky, but this restricts observation periods to orbits in view shortly
after sunset and also shortly before sunrise. Such limitations are removed if the acquisition and
pointing is done by slaving the laser's mount to a microwave radar that is tracking the satellite.
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