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ABSTRACT

This report covers in detail the solid state research work of the Solid
State Division at Lincoln Laboratory for the period 1 August through
34 October 1975. The topics covered are Solid State Device Research,
Quantum Electronics, Materials Research, Microelectronics, and
Surface-Wave Technology. Funding is primarily provided by the Air
Force, with additional support provided by the Army (BMDATC),
ARPA (MSO, IPTO), NSF, and ERDA.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

Single-mode GaAs p+-n_—n+ optical striplines have been fabricated with a loss
coefficient of 1.2 cm-1 at 1.06 um. The p+-n_ junctions have shown sharp reverse-
bias breakdown characteristics at average electric fields in the n~ guiding layer
of 1.5 X 105 V/cm. These results suggest the feasibility of developing GaAs modu-
lators, directional couplers, and optical switches having lower loss than those
reported previously.

Sheet carrier concentration and mobility for various implant temperatures have been
determined for GaAs samples implanted with 1 X 1013 and 1 X 1014 Sn ions cm—z.
For 1 X 1014 Sn ions cm-2 and implant temperatures in the range 100° to 500°C, the
sheet carrier concentration and mobility were 1.8 X 1013 cm-z and 2400 cmZ/V-sec,
respectively.

CW operation of a tunable PbSnTe double-heterostructure (DH) laser grown by
molecular-beam epitaxy has been obtained for heat-sink temperatures just above
77 K. The emission wavelength of this DH diode laser varies from 10.1 pm at
liquid helium temperature to 8.29 pm at 77 K, giving a temperature tuning range of
1.81 pm over the region of CW operation.

Large bulk single crystals of PbS with carrier concentrations as low as 2.8 X
1016 cm-3 have been prepared by using a two-temperature zone annealing technique.
Evidence for a relatively high degree of carrier concentration homogeneity was
obtained from CO2 laser transmission scans.

II. QUANTUM ELECTRONICS

Room-temperature operation has been obtained in two new stoichiometric neo-
dymium materials: NdA13(BO3)4 and KNdP4012. As with neodymium pentaphos-
phate (NdP5014)- the high Nd concentration allows miniature laser operation. In
addition the lack of inversion symmetry makes possible harmonic generation and
electro-optic modulation in the laser crystal.

Photoluminescence due to recombination of excitons bound to Te impurities in CdS
was studied. Spectra and time decays were observed for excitons bound to single Te
impurities as wellas for excitons bound to nearest-neighbor pairs of Te impurities.

Nearly 75 mW of CW second-harmonic power has been obtained on doubling CO2

radiation in CdGeAsz. The crystals were antireflection coated with ZnS on the

entrance and exit faces. Most samples withstood CW power densities in excess of
] 2

2 x10° W/cm®.




Tripling of CO, laser radiation has been observed in SF6. BC13, and CO. In the
case of SF6 and }3013, a vibration fundamental was resonant with the first harmonic
of COZ’ while for CO the fundamental was resonant with the second harmonic. Fre-
quency, pressure, and pump dependences were studied.

The vibrational relaxation time of liquid nitrogen has been measured to be ~70 sec
and is limited mainly by radiative processes. The collisionally induced NZ absorp-
tion band was pumped by an HBr laser, and the fluorescence decay time of CO added
to the N, was measured as a function of CO concentration.

The technique fox: generating step-tunable CW far-infrared radiation from non-
collinear difference-frequency mixing of radiation from two CO2 lasers in a GaAs
crystal has been used to make high-resolution transmission measurements as a
function of pressufe of the rotational spectrum of water vapor in the 55-to 56-cm-1

and 62- to 63-cm™ regions.

IIi. MATERIALS RESEARCH

Room-temperature operation, with pulsed thresholds as low as 2.8 kA/cm2 for broad-
area devices, has been achieved for Ga1 _xInxAsi_ P_/InP double-heterostructure
diode lasers emitting at 1.1 um, where optical fibers have their minimum trans-
missionloss. With thresholds in this range, it should be possible to produce stripe-
geometry lasers capable of continuous operation at room temperature, which would

be of particular interest for optical communication systems.

Detailed measurements on the photoelectrolysis of water in cells with single-crystal
n-type SrTiO3 anodes have shown that the photoelectrolytic quantum efficiencies
obtained in the absence of a bias voltage are about an order-of-magnitude higher
for SrTiO3 than for TiOZ. In addition to confirming that TiO2 is not unique in its
ability to catalyze the photodecomposition of water, these results show that both
electron affinity and energy gap must be considered in the search for practical
electrode materials to be used in the conversion of solar energy by means of
photoelectrolysis.

By determining the angle-of-incidence and primary-electron-energy dependences of
the reflection electron energy loss spectra of MgO, it has been possible to distin-
guish two types of electronic transitions: from Mg core levels to bulk excitonic
states like the excited states of the free Mg2+ ion, and from the core levels to
excitonic states of the surface Mg2+ ions that are Stark-split by the intense
Madelung electric fields at the surface. Application of this improved technique to
TiOZ and SrT103 should contribute to an increased understanding of the surface
electronic states of these compounds that are involved in catalyzing the photoelec-

trolysis of water.

A new type of transparent heat mirror has been produced by etching a microgrid of
square holes 2.5 um on a side, separated by lines 0.6 pm wide, in a thin film of Sn-
doped In203. The solar transmission is significantly higher for the microgrid than
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for the original continuous film; but the infrared reflectivity becomes significantly
lower, indicating that films with higher conductivity will probably be required in
order for the microgrid technique to result in improved heat-mirror performance

for solar energy applications.

IV. MICROELECTRONICS

A prototype, 30- X 30-element, CCD imaging array has been fabricated and tested
as part of the development effort aimed at realizing a 100- X 400-element CCD
array for the GEODSS (Ground Electro-Optical Deep Space Surveillance) Program.
Tests on this prototype have revealed difficulties in transferring charge for test
purposes through the channels between the input (test) and output registers and the
CCD array, and problems with the level of the output signal caused by a large
capacitance in the diode-MOSFET preamplifier structure. Somewhat imprecise
optical measurements have indicated that these devices have transfer inefficiencies
of less than 10-3. Two redesigned 30 X 30 prototypes are being fabricated which
will incorporate changes in structure and processing to reduce the charge transfer
problem between the régisters and the CCD array, and to increase the output signal
by reducing the capacitance in the output circuitry.

The detector being built for use at the prime focus of a 31-inch telescope in the
GEODSS Program will be a hybrid integrated circuit consisting of sixteen 100- X
400-element, CCD imaging arrays mounted on an alumina interconnect substrate.
The individual arrays must be aligned on the substrate to within 0.0005 in. and be
parallel to within 0.03°, The hybrid will be fabricated on a multilevel interconnect
substrate. The individual arrays will be located and placed using a modified x-y
coordinator with 0.0002-in. accuracy, and die attachment will be accomplished with
an anerobic, fast-setting adhesive.

An electronically variable attenuator has been built as a chip-and-wire hybrid for
use in the UHF receiver of the proposed LES-10 satellite. The circuit is a
bridged-T attenuator whose basic components are two PIN diodes which function as
current-controlled, variable resistors, and two TazN, thin-film resistors. This
circuit in hybrid form has at least 25 dB of attenuation between 30 and 400 MHz, as
opposed to the discrete version of the same circuit which had a maximum of 18 dB
of attenuation at 400 MHz.

The mask-making facility of the Microelectronics Group requires software to be
used in conjunction with the IBM 370/168 and the Calma interactive graphic design
system to provide input to a D. W. Mann Model 1600 pattern generator. Two impor-
tant programs, CALMASRT and MANNPLOT, have been written and updated, re-
spectively, to improve the operation of the facility. CALMASRT takes the data from
the Calma system and sorts the data to minimize the running time of the pattern
generator. MANNPLOT is a user-oriented program that allows patterns to be de-
signed on the 370/168 system, and then creates the file or files needed to generate
the mask on the pattern generator.
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V. SURFACE-WAVE TECHNOLOGY

The Rayleigh-wave reflection coefficient of shallow grooves has been measured
on Y-cut LiNbO3 for waves reflected from the Z- to the X~-direction. This 90° re-
flection geometry is used in surface-acoustic-wave (SAW) devices such as the
reflective-array compressor (RAC) and the burst matched filter. The reflection
coefficient of each edge of a groove has a real and an imaginary part. The real
part is proportional to groove depth and contributes mainly to the amplitude of re-
flections, while the imaginary part is proportional to the square of the groove depth
and leads to phase shifts on transmission.

A burst matched filter has been designed and fabricated using the reflective-array
technology. The device is a 15-cm-long LiNbO, crystal with an input and an output
transducer and 16 pairs of shallow gratings in its surface. The gratings selectively
reflect SAWs whose wavelength satisfies a Bragg condition. The impulse response
of the device is a train of 16 linear-FM subpulses. The filter compresses a
Doppler-sensitive radar waveform to which the filter is matched. It can resolve a
Doppler shift of 20 kHz.

Linear-FM pulse expanders and compressors in the reflective-array configuration
have been fabricated on bismuth-germanium-oxide substrates. The low surface-
wave velocity on this material and the folded RAC configuration allow 125 usec of
dispersion over the 2.5-MHz bandwidth to be obtained in a compact device. Con-
trolled spatial variations in reflectivity achieved by etching gratings to varying
depths were employed to provide spectral weighting in the frequency response of the
devices. Special procedures for ion-beam etching, metalization, and bonding were
developed for use on bismuth-germanium-oxide.

Acoustoelectric amplifiers have been developed to provide distributed on-substrate
loss compensation of very long SAW delay lines as a means of maintaining wide
bandwidth and large dynamic range. The gap-coupled silicon-on-sapphire {(SOS) to
LiNbO3 configuration is the first SAW amplifier which exhibits stable DC operation
with gain and noise performance that matches theoretical predictions. Optimum
performance results because traps within the SOS film prevent intense fringing
fields from distorting the homogeneity of the electron sheet.
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I. SOLID STATE DEVICE RESEARCH

A. LOW-LOSS GaAs p'-n"-n' OPTICAL STRIPLINES FABRICATED

USING Bet-ION IMPLANTATION

The development of GaAs-based integrated optical circuits (IOCs) requires low-loss
three-dimensional waveguides to transmit and confine the optical signal to specific locations
on a chip, and also to fabricate various optical components. In this report, we will describe
the successful fabrication of single-mode p"’-n--n+ optical striplines. These striplines have
exhibited low loss (a = 1.2 cm"1 at 4,06 pm), and the p+-n_ junctions have shown sharp break-
down voltages corresponding to average electric fields in the n~ guiding layer of 1.5 X 105 V/cm.
This suggests the feasibility of developing low-loss GaAs modulators, directional couplers, and
optical switches based on the electroabsorption or electro-optic effects.

A cross-section sketch of the optical stripline str'uct:ur'e1 is shown in Fig. I-1(a), along with
a sketch of the variation of refractive index in this structure. The device consists of a lower-
index rib over a higher-index slab on a low=-index substrate. Light propagating in the device
is confined under the rib, since the effective refractive index is largest there. Because the
light propagates in the higher-index slab rather than in the rib, this device should have lower
loss than some other rib stmctures,2 since scattering losses due to rib edge roughness are
minimized.

The guide structure reported here, shown schematically in Fig. I-1(b), was fabricated
entirely in GaAs and consists of a pJr rib on an undoped n~ epilayer grown on an n' substrate.
It offers several advantages over other three-dimensional GaAs guides previously reported.
In comparison to striplines with n+ ribs,3 this junction device has been found to have a similarly
low loss, but allows for the application of high electric fields with low leakage currents (by

.

Fig. I-1. Schematic diagrams of (a) optical T My M
stripline showing cross section of structure (a) ‘

to left and refractive index profile to right —

region 4 is usually air, and (b) GaAs p*-n=-nt

optical stripline showing propagating light

confined in undoped slab under rib. Sloped p* GaAs

sides of rib result from rib etching procedure.

—— - -

n* Gaas

7
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reverse-biasing the p+-n- junction). This should facilitate the fabrication of modulators and
switches using electroabsorption and/or electro-optic effects. Schottky-barrier devices.4’5
which do permit electro-optic effects, and proton-bombarded embedded St!‘ip856 have higher
losses than these p'-n"-n' guides.

The striplines were fabricated by growing an undoped layer by vapor-phase epitaxy on a
(100)-oriented 1.2 X 1018 cm-3 n-type substrate. The layer was n-type, with a concentration
of 1 x 1014 ¢cm™3, a mobility at 77 K of 108,000 cm?/V-sec, and a thickness of 10 um. The p*
layer was formed by implanting the epilayer with Be ions (Ref. 7) with doses of 1.5 X 1014 cm-2
at 400 keV, 1.2 x 10% cm™ at 220 keV, and 1.2 x 10**

because it is the p-type dopant having the maximum penetration depth in GaAs; the three doses

em™2 at 100 keV. Beryllium was chosen

were chosen to create a uniformly doped layer. Following the implantation, the wafer was
annealed at 900°C for 15 min. using a pyx-olyl:ic—Si:;N4 encaps.lulal:ion,technique.8

Evaluation of this implantation technique by a series of etching steps and Hall measurements
on high-resistivity Cr-doped GaAs samples indicated that the implanted layers had a relatively
constant p-type carrier concentration of 2 X 1018 cm'3 to a depth of about 1.5 um. To our
knowledge, this is the first report of uniform high doping of GaAs by ion implantation. In the
actual stripline, the junction depth in the n”~ epilayer was found to be about 2 pm.

‘ The ribs were formed by first defining stripes of several widths in an ~300-A sputtered-Ti
layer using standard photolithographic and etching techniques. The stripes were oriented along
a (011) direction. The GaAs was etched down through the p+ layer, using Ti as a mask, ina
cooled free-etch solution at a rate of ~2 pm/min. For the orientation chosen, the sides of the
ribs etched at a 45° angle as indicated in Fig. I-1(b). The time required to etch through the
p+-implanted layer was determined by etching for short times and monitoring the current-
voltage characteristic between two adjacent test areas on a curve tracer. After etching through
the p+ layer, these isolated junctions had low leakage and sharp breakdowns at voltages corre-
sponding to average fields in the undoped layer of 1.5 X 10° V/cm. The finished devices had
a rib height of 2 pm, an n” -layer thickness of 8 pm, and rib widths that varied from ~7 to 27 pm
across the chip, After the ends were cleaved, samples were mounted on a high-precision
translation-rotation stage for optical evaluation.

Transmission measurements were made using an end-fire coupling scheme. Radiation
from a Nd:YAG laser at 1.06 pm was passed through a polarizer and a beam expander, and
focused on the waveguide input face using a microscope objective. Measurements were made
with the electric field vector of the light polarized parallel to the plane of the slab (i.e., TE
polarization). For devices reported here, a single intensity maximum was observed under the
p+ rib as expected, since the stripline geometry was designed for single-mode propagation using
Marcatili's analytical expressions.l.9 Transmission measurements through several lengths of the
same sample yielded an attenuation coefficient of 1.2 cm_1 for a stripline having an ~17~-pm-
wide rib. As mentioned previously, this value is comparable to the lowest value reported for
three-dimensional GaAs guides and suggests that GaAs modulators, directional couplers, and
optical switches having lower losses than any previously reported could be fabricated using
p+-n- striplines. F. J. Leonberger

J. P. Donnelly
C. O. Bozler




B. ELECTRICAL PROPERTIES OF TIN ION-IMPLANTED GaAs

We have previously reported the electrical characteristics of Se (Refs. 8 and 10 to 13) and
Si (Ref. 8 and p. 2 in Ref. 12) ion-implanted GaAs. For the column VI n-type dopant Se, ion implan-
tation into heated GaAs substrates was required to achieve high doping efficiency. The necessity
of heated substrates has also been reported for the other column VI n-type dopants Te (Refs. 14
and 15) and S (Ref. 16). Unlike Se, we reported that the electrical activity of implanted Si (Refs. 8
and 13), a column IV element, did not increase significantly as the temperature of the GaAs sub-
strate during implantation was increased above room temperature. In this section, we will pre-
sent some preliminary results on the implantation of tin, another column IV element, in GaAs.
Some results on the electrical activity of implanted Sn have been reported previously, o but those
results were restricted to implant doses 2 10 2
of 700°C.

The GaAs substrates used in these experiments were Cr-doped semi-insulating GaAs. Af-

and post-implantation anneal temperatures

ter polishing and etching, a 700-A layer of Si 4 Was pyrolytically deposited at 720°C on each
sample. Details of this pyrolytic 813 4 process can be found in previous reports. 8,43
The 400-keV Sn’ ions were implanted through the Si 3Ny overcoating at substrate tempera-
tures ranging from room temperature to 500°C. The pro_]ected range and standard dev1at1on18‘19
of 400-kV Sn* ions in GaAs are 0.0958 and 0.0207 pm, respectively. In Si;N,, the respective
numbers are 0.0971 and 0.0117 pm. The peaks of the implanted Sn concentration in these ex-
periments will therefore lie close to the GaAs surface. After implantation, a 2000-A pyrolytic
SiO2 layer was deposited at 400°C over the Si3N4. - Anneals then were carried out in a flowing
N2 atmosphere at 900°C for 15 min. The SiO2 and Si3N4 layers then were removed in HF;O To
minimize contact effects while carrying out Hall measurements of the van der Pauw type,
electrically isolated cloverleaf-shaped mesas were defined in the implanted layer using 6000 A
of pyrolytic SiO2 as an etch mask. Good linear contacts were obtained with alloyed Au-Sn.
More complete details of the sample processing steps can be found in Ref. 8 and p. 2 of Ref.12.
All the Sn implants performed have resulted in n-type conductivity. Figures I-2 and I-3
show the measured sheet carrier concentration and sheet mobility, respectively, as a function
of implant temperature for doses of 1 X 1013 and 1 x 10'% em™. For doses of 1 x 1014 ¢ -2,
the sheet carrier concentration increased an order of magnitud.e, from about 1.8 X 101 e cm-2
to 1.8 x 1013 2, when the temperature during implantation was increased from room tem-
perature to 100°C. For implant temperatures between 100° and 500°C, the sheet carrier con-
centration was relatively independent of implant temperature, varying somewhat arbitrarily
between 1.5 X 1013 and 2.1 X 1013 cm-z. These variations could be due to slight differences in
the thickness of the Si3N4 overcoating and/or differences in the amount of compensation in the
Cr-doped semi-insulating substrates. As shown in Fig. I-3, the sheet mobility was also rela-
tively constant (22400 cmZ/V-sec) for implant temperatures between 100° and 500°C. The
mobility of the 1 X 1014 cm'2 room-temperature implant was higher, 3680 cmz/V-sec, than
that of the heated implants. This is most likely due to the probability that for the room-
temperature implant only the tail of the implant distribution is electrically act:ive.a'12
For doses of 1 X 1013 i
3.4 x 1012 cm™

temperature implant (2.6 X 10

, the sheet carrier concentration of a 300°C implant was

, which was only about 20-percent higher than that measured for a room-
12 2). The sheet mobilities of the room-temperature and
300°C implants were 3695 and 3455 cm /V -sec, respectively.
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900°C. Implants were made through
700 A of pyrolytic SizNy.

Additional measurements are planned which will determine the electron concentration
profiles and the maximum peak carrier concentrations obtainable for both room-temperature
and heated Sn implantations. J. P. Donnelly

G. A. Ferrante

C. MOLECULAR-BEAM EPITAXIAL Pby_4Sn,Te DOUBLE-HETEROSTRUCTURE

LASERS WITH CW OPERATION AT 77 K

We have obtained CW operation of a Pb, _ Sn Te double-heterostructure (DH) laser grown
by molecular -beam epitaxy (MBE) for heat-sink temperatures up to just above 77 K. Previously,
CW laser operation at this temperature and in this alloy system was reported for devices grown
by liquid-phase epitaxy (LPE).21 The MBE device is quite similar both in structure and per-
formance to the LPE device.

The substrate used was grown by seeded, vertical, vapor growth22 in a closed tube and was
21,23 (~5 X 1018 3

ployed using an insulating layer of MgF2 patterned with 50-pm-wide stripes. Two epitaxial

doped with T1 to assure p-type conductivity em” 7). A stripe geometry was em-

layers were then grown in the stripes. A polycrystalline, discontinuous film also grew over

the MgF,. Using the MBE technique discussed previously,24 we grew the layers at a rate of

2 pm/hr with the substrate at 425°C. The active layer was grown 1.5 pm thick from a source

- . . 18 -3 .

of ComPOSItuZ)rzl (Pbo'BSSno'12)0.4991Te0'5009 doped with Bi (~1 X 10°° cm” ~) to obtain n-type

conductivity. The last layer was grown 0,75 pm thick using a Pb0 4993Teo 5002 Source doped
. 18 -3 . : :

with ~3 X 10°" em ~ of Bi.

Devices 500 um in length were fabricated using a standard technique,25 with the significant
exception that the devices were cut both on the sides and at the laser end-mirrors using a high-
speed diamond-blade saw. We found this superior to the usual technique of cleaving for these
DH lasers in side-by-side comparisons. Further study of the mirror smoothness and damage

introduced using the saw-cutting technique vs cleaving is under way.




TABLE |-1
DH-LASER THRESHOLDS AND WAVELENGTH OF OPERATION

Heat-Sink Temperature Iih Wavelength
(K) (kA/em?) (pm)
Pulsed
4.2 0.89 10.4
77 2,13 8.74
cw
4.2 1.3% 10.1
77 5.16 8.29

Device area = 2.58 X 10-4 cm2

A summary of threshold current densities measured at 4.2 and 77 K is given in Table I-1 for
CW operation and for 1-psec pulses at 6-kHz repetition rate. The approximate wavelength of
operation also is indicated. From the difference in wavelength for pulsed vs CW operation, we
can estimate that the junction temperature reaches 90 to 100 K for a 77-K heat-sink temperature,

J*5.81kA/cm®
T=77K

RELATIVE INTENSITY (arbitrary units)
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Fig. I-4. Emission spectrum of Pb4_ySn,Te DH laser operating CW immersed
in liquid nitrogen. Junction temperature is estimated to be ~100 K.

Figure I-4 shows the spectrum measured at 5.81 k.A/cm2 with the device immersed in liquid
nitrogen. Similar spectra were obtained for current densities up to 8.24 kA/cmZ. Throughout
the range of current densities from 5.16 to 8.24 kA/cmz, most of the energy was in a single




longitudinal mode. Accurate output-power measurements have not been obtained nor has the
maximum current density for CW operation been established. We can estimate by comparison
with other laser devices, however, that at least several hundred microwatts of output power
are obtained. J. N. Walpole

A, R. Calawa
T.C. Harman

D. PREPARATION OF LOW CARRIER CONCENTRATION PbS CRYSTALS

At the present time, there is considerable interest in PbS single crystals for infrared
detectors26 and tunable lasers.25 Further device development will depend, in part, on additional
advances in single-crystal quality. By using a two-temperature zone annealing technique, carrier

concentrations as low as 2.8 X 1016 cm3

have been achieved in large bulk single crystals of PbS.
Evidence for a relatively high degree of carrier concentration homogeneity was obtained by CO,
laser transmission scans.

Single crystals of PbS were grown by both the standard Bridgman (B) and the horizontal

unseeded vapor growth28 (HUVG) methods. Previously, studies29

on PbS showed that annealing
the compound in sulfur vapor at pressures above a critical pressure results in p-type PbS, while
annealing the compound at lower pressures results in n-type PbS.

Specimens (12 X 4 X 0.5 to 1.1 mm) were cut from larger crystals, etch-polished, and an-
nealed at 600°C under various pressures of sulfur usually for 49 days. For a typical experiment,
one PbS crystal along with a small quantity of sulfur powder was sealed in a quartz tube, which
is back=~filled with argon to a pressure of about 300 Torr.” The ampoule was placed in a two=
zone horizontal furnace; one zone controlled the sulfur pressure and the other provided the
annealing temperature of the sample. Specimens were quenched in water from the final an-
nealing temperature. Surface damage and thin n-type surface layers were removed by immers-
ing the crystals in an aqueous solution of 48-weight-percent HBr for 1 min. and finally rinsing
in methanol. The thickness of the samples was reduced 0.1 mm by the etching step.

Table I-2 lists the carrier concentration, type, and mobility obtained by Hall coefficient
and resistivity measurements on the annealed and etched crystals at 77 K, and the thermo-
electric power measured at 300 K. Table I-2 also lists the crystal growth method and the an-
nealing parameters.

Using a CO2 laser with a beam focused to a 125-pum diameter, we carried out transmission
scans at 300 K on various specimens. These scans revealed that most samples were inhomo-
geneous with respect to the intensity of CO2 radiation transmitted. Figure I-5(a) shows a typical
CO2 laser transmission profile across PbS sample B-3. The random variations in transmission
correspond to substantial carrier concentration fluctuations which are observed over the entire
specimen, On the other hand, Fig.I-5(b) shows a typical scan across PbS sample B-2 which
indicates a relatively uniform carrier concentration. The explanation for the relatively homo-
geneous carrier concentration result for B-2 is believed to be associated with the second, lower-
temperature annealing step. For single-ionized defects, the dependence of the hole carrier
concentration p on sulfur vapor pressure can be expressed by the relationship

kni1/2 [q)i/z _ (1/<p1/2)1

p =
n; + ko /22 (1 4 (e/n 0 /P2

where k is the equilibrium defect constant, n; is the intrinsic carrier concentration, and ¢ is




TABLE (-2

SUMMARY OF SALIENT ANNEALING AND CHARACTERIZATION DATA FOR PbS

Crystal Carrier Concentration Carrier Themoelectric Thickness Temperature Temperature Annealing
Growth and Type at 77 K Mobility at 77 K Power at 300 K of Sample of Sample of Sulfur Time
Technique (cm=3) (cm2 N -sec) ®V/AK) (cm) (°C) (°C) (days)
pl-1 2.8 x 10 17,000 +588 0.069 o o it
HUVG'-1 4.7 X 10 p 12,000 +505 0.091 igg s [4
B'-2 7 x 10 p 17,000 +482 0.093 -5 - “
B-3 1 x 107 p 10,000 +482 0.100 600 95 49
B4 1.8 x 107 15,000 +410 0.100 600 98 49
B-5 5.8 x 107 P 11,000 +356 0.037 600 10 49
B-6 4x107 p 16,000 +384 0.105 600 110 49
B-7 9.2 x 107 p 15,000 +36] 0.103 600 129 58
B-8 1.1 x 108 p 18,000 +352 0.100 600 141 58
HUVG-2 2.2 x 10'8 p 13,000 +275 0.077 600 190 49
HUVG-3 3.1 x 108 p 13,000 +257 0.070 600 220 49
HUVG-4 3.5 x 108 p 15,000 +241 0.083 600 250 49
HUVG-5 3.5 x 1018 p 13,000 +239 0.070 600 260 49
HUVG-6 4.8 x 108 p 12,000 +237 0.069 600 270 49
HUVG-7 4x10"7 N 14,000 -393 0.087 600 80 49
HUVG-8 5.4 x 107 N 15,000 -379 0.053 600 84 49

1 For these three crystals, the ampoule was furnace-cooled between 600° and 400°C, and finally water-quenched from 400°C.
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Fig.I-5. Typical CO, laser transmission profiles across two PbS crystals. Profile
in (a) is for crystal B-3, whereas profile in (b) is for crystal B-2 of Table I-2.

the ratio of the vapor pressure of S2 to the vapor pressure of S2 at the p-n crossover. Upon
application of the above expression to the data of Table I-2, the equilibrium lattice point defect

concentration for PbS at 600°C was calculated to be 5 X 1017 cm_3 defects. However, it is

estimated that the equilibrium defect density at 400°C is reduced to approximately 1 X 1016 cm-3
defects. Thus, for homogeneous low carrier concentration PbS, a second lower-temperature
anneal is required in order to take advantage of the low equilibrium defect density. The higher-
temperature anneal is needed in order to take advantage of the higher diffusion coefficients of the
compound constituents. Further details of this investigation will be published in the Journal

of Electronic Materials.

T. C. Harman
A, E. Paladino
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II. QUANTUM ELECTRONICS

A, CW LASER ACTION IN ACENTRIC NdA13(BO )4 AND KNdP 0, ,

We have obtained low-threshold, room-temperature, CW lasing in two new materials:
NdAls(BO3)4 and KNdP4012 (abbreviated as NAB and KNP), These compounds'are the first
high-Nd-concentration laser materials with acentric space groups. This lack of inversion sym-
metry may allow second-order nonlinear optical processes (e.g., second-harmonic generation)
as well as linear electro-optical modulation to be carried out directly in the laser crystal. As
in the case of NdP O, , (NPP) (Refs.1 to 3) and LiNdP,O,, (LNP) (Refs. 4 to 6), their high Nd
concentrations allow operation of very small lasers, since efficient absorption of pump radia-
tion occurs in short distances (50 to 100 pm) and the resulting optical ‘gains can be quite large.
In all these materials the Nd3+ ions are isolated from each other, so that there is far less con-
centration quenching of the fluorescence lifetime than in conventional hosts such as Nd:YAG. In
addition, NAB and Nded 1 _xAls(BO3) 4 have comparatively short radiative lifetimes, even at low
Nd concentrations (as reported? in an earlier study), as a result of the high degree of odd-parity
admixture of the 4f3 and 4[2 5d configurations by the local crystal field around the Nd3+ ion. In
this investigation we have studied the room-temperature, CW lasing behavior in NAB and KNP,
and we have also obtained data on spontaneous fluorescence in the Ndx(?:d1 _ xA13(BOS) 4 and
KNded1 xP4012 systems for values of x down to 0.01.

Crystals of NAB were grown from a flux by slow cooling, The best crystals were obtained
from a BaO-B203 or BaCO_.,-BZO3 flux. In a typical run 15 g of BaO, 30 g of B203' 16 g of
Nd203, and 15 g of A1203 were mixed in a 100-cm3 Pt crucible. The mixture was fired at
1200°C for 4 hr to form a clear pink solution, cooled at 1°C/hr to 900°C, and then quenched.
The crystals prepared by this technique are generally hexagonal rods about 1.5 mm long and
0.3 mm in diameter, with smooth faceted sides. They are higher in optical quality than those
obtained previously by growth from a FPbF,-B,0, flux7 The NAB structure7 is rhombohedral
with space group R32 and cell parameters a = 9.3416(6) A ¢ = 7.3066(8) A The Nd site is in a
trigonal prism of six O near-neighbors, with point symmetry group 32. The Nd concentration
in NAB is 5.43 X 1021 m-s, 40 percent higher than in NPP.

Crystals of KNP were grown by a similar method, using Nd,0, with a large excess of KZCO3
and NH4H2PO as a flux. Typically, a mixture of these mater1als in a molar ratio of 1:3:12
(6.7, 8.3, and 27.6 g, respectively) was placed in a 100- cm Au crucible, preheated at 200°C
for 4 hr, and fired at 900°C overnight. The temperature was then reduced at 2° C/hr to 700°C,
and the furnace power was turned off. The crystals obtained by this procedure are typically
rectangular- or hexagonal-faced platelets 0.05 to 0.3 mm thick and 0.5 X 0,5 mm2 in area. The
crystal structure, determmed by x-ray d1ffract1on is monochmc with space group PZ and cell
parameters a = 7.266(1) A b = 8.436(1) A c = 8,007(1) A and 8 = 91.97(1)°. The Nd3+ ions are
located in distorted dodecahedra of the eight nearest O neighbors, slightly deviated from point
symmetry group 2. The KNP lattice resembles that of NPP (Refs. 8 and 9) in that both are
pseudo-orthoi*hombic and have staggered chain-like structures of the PO, groups. The devia-
tion from orthorhombic symmetry is larger in KNP, consistent with its higher monoclinic-
orthorhombic transition temperature of 167°C (determined by differential thermal analysis),
compared with 146°C fof NPP (Ref,10). The Nd concentration in KNP is 4.08 X 1021 m-3.
Yamada, Otsuka, and Nakano“ have mentioned preparation of sintered ceramic KNP, but
did not report its structure or details of its fluorescence properties.
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Fluorescence from Nded1 _xA13(BO3) and KNd Gd1 XP4012 was excited by a pulsed opti-
cal parametric oscillator tuned to the 0.8-pm NdJr absorption band. The fluorescence spectra
were analyzed by a double-grating monochromator and detected by a Ga In As cathode photo-
multiplier tube. The photomultiplier signal was amplified and then fed mto one of the two boxcar-
amplifiers in a ratiometer system, with a portion of the pump pulse providing a reference signal
to the other boxcar. This same system was also used to measure fluorescence lifetimes, by
scanning the gate of the signal boxcar. The lifetime measurements were made with as weak
excitation as possible, since strong excitation (~106 W/cm ) gave very nonexponential decay,
as previously reported for NPP (Ref. 12).

Room-temperature fluorescence spectra of the 4F3/2
NAB, Nd0 01 0 99Al' (BO3)4, KNP, and KNdo 01G 0.99 P,O,,

“/2 and 19/2 spectra for each sample were both taken under the same conditions, without

4 4 4 e
- I11/2 and F3/2' 19/2 transitions in
are shown in Fig.Il-1. The

being corrected for the difference in measuring system response between 1.05 and 0.9 pm. In
concentrated Nd materials, reabsorption from the ground-state levels of the 419/2 manifold dis-
torts and reduces the apparent emission cross sections. In order to clarify the energy levels,
spectra were also taken at low temperature, These spectra show much narrower, well-resolved
transitions. Except for reduced 419 /2 reabsorption, the room-temperature spectrum of the
much less concentrated KNdo_o1Gdo,99P4o12 is essentially the same as the KNP spectrum. As
0.01 0 99Al (BO,), exhibits
some narrowing and shifting relative to the NAB spectrum, but the borate system may be com-

also observed by Weber,1 the room-temperature spectrum of Nd

plicated by strains or distortions arising from a slightly different crystallographic phase.

The room-toemperature 4F3/2 -41“/2 fluorescence of NAB is dominated by a line at 1.065 pm
that is 25 to 30 A wide. The low-temperature spectra show that this line has only one major
component. In contrast, the KNP spectrum at room temperature has a dominant line at 1.051 pm,
over 50 A wide, that is made up of four components. From preliminary analysis of low-
temperature spectra, the 4F3/2 splitting is 70 cm = in NAB (Ref.14) and 54 c:m_1 in KNP,

The room-temperature fluorescence lifetimes for the F3/2 transitions in Nd Gd1 xA13(BO3)4
and KNdXGd1 = 4O o are plotted as a function of x in Fig.II-2, (Also included are earlier data?
for powdered samples in the borate system.) From these and other data of this type reported for
Ndea1 -xP5014 (Refs. 15-17), NagNd, Gd, _x(WO4)4 (Ref.15), and LiNdx(Y, La, Gd), _xP4012
(Refs. 6, 18), the limiting lifetime (To) observed at low Nd concentrations appears to have a close
relationship to the symmetry of the Nd site. The least symmetric structure is that of NAB, in
which the inverse position of any near-neighbor O atom is far removed from any other O near-
neighbor. This lack of site inversion symmetry enables the odd-parity crystal field components
tomix the opposite parity 4f3 and 4f25d electronic configurations of Nd3+, making the /2 4 “/2
electric dipole transitions within the predominantly 4f3 configuration much more allowed 19 Thus,

the comparatively short Uy = 50 psec measured for Nd A13(B03)4 probably does not re-

sult from poor crystal quality or intrinsic nonradiativg 'cogmpgt?tgive processes, but instead indi-
cates a high radiative transition probability and emission cross section. An example at the oppo-
site extreme is given by the centro- symmetrlc CsZNaNdC16, which has a lifetime of 1.23 msec
(Ref. 20) because the pure electric dipole F3/2 4 “/2 transitions are completely forbidden and
must be phonon assisted. For the Nd site in KNP, which is considerably less acentric than that
in NAB, T = 275 usec. This value is comparable to those for the NPP and LNP structures,

which have similar Nd coordinations.
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It is remarkable that in the series of concentrated-Nd materials [NdPSO14 (Ref.16),
LiNdP4012 (Ref.18), KNP, NAB, and NdNas(WO4)4 (Ref.15)] in which the Na3t ions are sepa-
rated by complexes such as P04, BO3, or WO4, the degree of concentration quenching is simi-

lar. Specifically, the values of the quenching ratio 1'0/1'1 (where T, is the lifetime for x = 1)

are all between 2.5 and 3.3. Thus, if the total fluorescence decay :'ate (the inverse of the mea-
sured lifetime) can be characterized as the sum of radiative and nonradiative (quenching) rates,
then the quenching rate at x = 1 [(1/1’1) - (1/1’0)] is proportional to the predominantly radiative
decay rate 1/1'0. The dominant quenching process is probably cross-relaxation of excited and
ground -state Nd3+ ions via the 4I1 3 /'2 and 4I1 5/2 levels.1 Energy migration followed by impurity
quenching is less likely in these concentrated-Nd materials, whichare probably purer than doped
materials like Nd:YAG (Ref.12). A third process, Auger cross-relaxationiz of nearby excited
ions is observed only at high excitation levels, not the low-excitation regime presently consid-
ered. In addition, the observed dependence of 7 on x shows that the quenching rate is roughly
proportional to concentration (for x 2 0.1), rather than to the square of the concentration, as

expected for dipole-dipole interactions.“"z1 et

Other higher-order multipolar interaction
mechanisms which could cause cross-relaxation would vary as still larger powers of the
concentration.

The proportionality of the quenching rate to both 1/ 55 and concentration is consistent with
the hypothesis of quenching via superexchange interactions. Superexchange of 4f electrons
would be weak, but would increase with admixture of the 4fZ 5d configuration with 4f3, which
also shortens T o The average quenching rate would also be proportional to the superexchange-

connected near-neighbor Nd occupation probability, which varies linearly with concentration.
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Superexchange has been reported to be significant in EPR measurements of energy transport
between rare-earth ions in various halicles.24

To achieve room-terﬁperature, CW lasing, pump radiation from a CW dye laser, tuned to
strong Ncl?’"L absorptions near 0.58 um, was used to excite a crystal of NAB or KNP placed in
the center of a nearly concentric optical cavity having 5-cm-radius mirrors spaced approxi-
mately 10 cm apart. The pump beam was focused through one mirror (with high reflectivity
at 1.06 pm) onto the sample, so as to be collinear with the laser mode. Although completely
continuous lasing was achjeved with all samples, in order to minimize heating effects the data
reported here were taken with the pump radiation chopped at 150 Hz with a 10- to 20-percent
duty cycle. All power measurements were made with calibrated Si photodiodes. Further de-
tails of the experimental apparatus and sample mounting are given in Refs. 3 and 5.

The laser samples of NAB were as-grown hexagonal rods whose side faces were the lasing
facets, with the c-axis perpendicular to the lasing mode. The laser radiation was linearly
polarized perpendicular to the c-axis. The samples ranged from 136 to 340 pm in length (i.e.,
the distance between the lasing facets, not the length of the rod), with threshold powers ranging
from 0.55 to 1.9 mW when a 0.3-percent transmission output mirror was used. (Throughout
this discussion, the measured threshold values refer to the power absorbed by the sample.)
The threshold generally increased with sample length (£ ), consistent with the theoretical vari-
ation in the resonant (self-absorption) contribution to the threshold power:

hw N e AEAT
Pp=—P2pr—— 7 (wy +w)) 4 (1I-1)

where

z g
o]
n "

pump photon energy = 3.39 X 107193
Nd concentration = 5.43 X 1021 m-3
AE = lower laser level energy ~ 1950 c:m—1
w_ = laser mode waist radius 9 pm
w_ = pump mode waist radius %9 pm

b = fractional population of upper laser level ~0.59

T = fluorescence lifetime ~15 psec.

This expression predicts a resonant threshold contribution of 0,005 mW per micrometer of
sample length, in good agreement with the averaged measured value, 0.006 £ 0.002 mW/um,
for a 0,3-percent output mirror, '

The nonresonant contribution to the threshold is due to internal losses and output coupling:

L +1n(1/R) 2 2 _
Pnr ‘EE Tw, +w,) (II-2)

where L is the internal loss, R is the output mirror reflectivity, and ¢ is the fluorescence
emission cross section. This contribution becomes more significant as R is decreased. From
the relaxation oscillations ofthe laser outputand the results obtained with low-output-transmission
mirrors, we estimate that L < 0,003, From the threshold power of 4.3 mW measured for a sam=
ple 206 pm long with a 5.2-percent output mirror, and the value of PR = 1,0 mW calculated for
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this sample length, Eq. (II-2) gives 0 ~ 8 X 10-19 cmZ.
that for NPP, ~2 X 10_19 cm_ (Refs. 16, 17, and 25), consistent with the lower Nd symmetry
and larger odd-parity admixture in NAB. Lasing has also been observed in crystals of

Nded1 -xA13(BO3)4 with x down to 0.5, giving estimated values of ¢ similar to those for NAB.

This value is considerably larger than
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Fig.II-3. Room-temperature, quasi-CW lasing spectra of NAB and KNP.

The average measured slope efficiency (derivative of output power with respect to power
absorbed) for the 206-pm sample was 22 percent, with up to 7-mW quasi-CW output power.
There was only a slight variation in efficiency with output coupling, which is surprising in view
of the low internal loss and the large variation in threshold with output coupling. A typical las-
ing spectrum, at three times threshold of ~1.2 mW (with 1.1 -percent output transmission) is
shown in Fig.II-3 for an NAB sample 136 pm long. '

The laser samples of KNP were as-grown platelets whose broad faces were the lasing facets.
Platelets with rectangular faces had their long axes parallel to the [010], b-axis, with [101] nor-
mal to the faces. Platelets with hexagonal faces, which were somewhat thicker, also had the
[010] axis in the plane of the faces, but had [T01] normals. In both cases, the lasing polarization
depended on the cavity alignment, although linear polarization roughly along [010] was generally
easiest to obtain. Measurements of the indices and indicatrix have not yet been made. The low-
est laser threshold was 0.45 mW, which was obtained for a sample 52 pm thick with 0.3-percent
output mirror transmission. Even this thin sample absorbed 45 percent of the incident pump
radiation.
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The lasing cross section was estimated from data for a sample with £ = 187 pm by using

Egs. (II-1) and (II-2) with the parameters given above, except for the following: N = 4.08 X
102! cm™3, b = 0.5, T = 100 usec, R = 0.041, and L ~0.004. The value of L was determined
from the slope efficiency of 25 percent obtained with the 0.3-percent output mirror. The thresh-
old power was 0.932 mW, giving ¢ 1.5 X 10-19 cmz. This value of ¢ is only semiquantitative,
since several transitions contribute to the lasing gain, with only the two dominant ones originat-
ing from the lower 4F3/2 level, Also, no polarization dependence has been included. A lasing
spectrum for this sample, at two times threshold, is shown in Fig,II-3, With a 1.1 -percent
output mirror, the slope efficiency was 35 percent, with 6.6-mW quasi-CW output.

S.R. Chinn

H.Y-P. Hong

B. PHOTOLUMINESCENCE OF BOUND EXCITONS

IN TELLURIUM-DOPED CADMIUM SULFIDE'

Photoluminescence from crystals of cadmium sulfide doped with tellurium (CdS:Te) was
examined. The luminescence observed was from the recombination of bound excitons captured
at isoelectronic traps formed by Te impurities. Two types of traps were studied: One, with an
associated broad emission band peaked at 600 nm (2.1 eV), was created by a single Te atom at
an isolated impurity site (s-site); the other, with associated emission peaked at 730 nm (1.7 eV),
was formed from a nearest-neighbor pair of Te impurities (p-site).

Platelet crystals were studied and had Te concentrations ranging from 1019 cm.3 to greater

than 1020 cm-3.

Optical absorption coefficients for a number of samples were measured as a
function of wavelength at temperatures of 20, 77, 187, and 300 K, Excitation spectra for both
s- and p-site luminescence were determined for the same samples at the same temperatures
cited above. Pulsed and CW lasers, including a flashlamp-pumped dye laser and a frequency-
doubled Nd:YALO laser, were used to examine s- and p-site decay and emission spectra, in-
cluding measurements at high excitation densities,

In analyzing data, the results found from measurements of both absorption coefficients and
excitation spectra were used to characterize the processes by which luminescence was excited.
? 3 it is difficult to distinguish between

For samples with a Te concentration of around 101 cm”

various excitation processes. Analysis of low-temperature excitation spectra for samples with
a Te concentration greater than 1020 cm-3 indicates the lineshape for absorption associated with
the direct creation of s-site bound excitons. In addition, these spectra show that the cross sec-
tion for capture of holes by the p-sites is about two orders of magnitude higher than that for hole
capture by s-sites, and that the radiative quantum efficiency for p-site bound exciton recombi-~
nation is roughly half that for recombination at s-sites. Absorption at long wavelengths in the
most heavily doped samples is shown to be connected with the process which directly creates
p-site bound excitons, and the lineshape for this process is extracted from absorption mea-
sureme<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>