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ABSTRACT

This report covers in detail the solid state research work at Lincoln
Laboratory for the period 1 November 1968 through 31 January 1969.
The topics covered are Solid State Device Research, Materials Re-

search, and Physics of Solids.
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Franklin C. Hudson
Chief, Lincoln Laboratory Office
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INTRODUCTION

1. SOLID STATE DEVICE RESEARCH

Guard-ringed GaAs Schottky barrier diodes have been fabricated which exhibit uniform avalanche
photocurrent gains exceeding 100 with gain-bandwidth products over 50 GHz. The diodes consist
of 5.3-mil diameter 100—;& thick semitransparent platinum Schottky barrier contacts electro-
plated on 2 x lolé'cm.3 n-type GaAs. The guard ring was formed by 400-keV proton radiation
damage which generates an insulating region 4p thick. Operating at a gain of 100 the photore-
sponse was uniform across the active region of the diode to better than +20 percent, the response
speed was less than 0. 3nsec and the improvement in signal to noise over low bias conditions was

34dB.

Efficient doping of GaAs has been ohserved using Se+ ions implanted at 400keV, and high quality
n-p junctions have becn obtained using this technique. These junctions, formed by implantations
into p-type material, had low leakage currents and a sharp reverse breakdown voltage of 24V.
Van der Pauw measurements indicate that a substantial fraction of the implanted ions are electri-
cally active. Differential C-V measurements on gold Schottky barriers plated on implanted n-
type samples gave a doping density curve which indicated that over half the implanted ions were

electrically active.

Again using SeJr ions implanted at 400keV, n-p GaAs avalanche photodiodes have been fabricated
which have photocurrent gains in excess of 300 when biased near reverse breakdown. As in the
case of the Schottky barrier avalanche photodiodes a guard ring of insulating GaAs was formed by
400-keV proton homhardment. The 4.8-mil diameter diodes had typical reverse leakage cur-
rents of ahout 3 x IO—IOA at 1V, and sharp reverse breakdowns at 24V. Again the photoresponse
was found to be uniform over the entire region of the diode to better than +20 percent at an aver-

age photocurrent gain of 100.

Low angle (2° to 4° between {111} planes) grain boundaries which can behave as back-to-back
diodes have becn ohserved in n-type ZnSe. 1t is postulated that acceptor type states exist at the
tilt grain boundary produced by the lattice mismatch which can act as electron traps creating a
double depletion region. The surface states are sufficiently densec that the grain boundary be-
haves like two Schottky barrier diodes connccted back-to-back. Under reverse breakdown visi-

ble light is emitted at these boundaries but with rather low, ~5 > 10-5, quantum efficiencies.

Epitaxial layers of GaAs have been grown in an AsCl,-Ga-hydrogen flow system with 77°K Hall

3
mohilities up to 21(),000cm2/V sec, a significant improvement over the best previously known
material. Thz best sample had a peak mobility of 34(),000cm2/V sec at 40°K and a total ionized
impurity concentration ofahout 1 x l()Mcm_3 whichis approximately a factor of five improvement

over previously reported values.

The effects of light. on the charge state of anodized InSh MOS devices have been further classified.
Infrared radiation in the energy range between 0.23 and 1.2eV penetrates into the InSh and is ab-

sorbed, creating electron-hole pairs with insufficient energy to escape into the oxide. Starting




Introduction

at about 1.2 eV some of the electrons photoexcited in the InSb escape and become trapped in the
oxide. At photon energies in excess of about 3eV electron-hole pairs are also generated in the
oxide causing it to become photoconductive. By applying bias at these high photon energies the
charge state of the oxide can be modified such that the surface of the n-type InSb can be swung

from accumulation to depletion to inversion in a controlled fashion.

We have observed laser emission from diodes fabricated from the pseudo-binary alloy Phl_xSnxSe
in the composition range 0 < x £ 0.279 and have studied the composition and temperature depend-
ence of the laser emission energy. For diodes fabricated from material with x > 0. 19 the energy
of the laser emission decreases as the temperature increases which is opposite to the situation
in PbSe. This strongly supports the model in which the valence and conduction bands invert and

exchange roles in the Pb xSnxSe alloy series as x is increased from O to 0. 4.

1-
We also have studied the magnetic field dependence of the laser emission energy in this alloy
series in magnetic fields up to 50kG. In the higher Sn content alloys with x > 0. 19 the energy of
the longest wavelength laser emission line decreases as the magnetic field is increased. This
behavior is also opposite to the situation in PbSe and lends additional support to the band inver-
sion model. This effect may also allow one to tune the laser emission to very long wavelengths

using a magnetic field.

Interdiffusion in PbSe has been studied hy diffusing excess Se into Pb-rich n-type PbSe and excess
Pb into Se-rich p-type PbSe. The motion of the resultant p-n or n-p junction as a function of
time and temperature is in essential agreement with a diffusion model which assumes that the
interdiffusion coefficient has two values, Dp in Se-rich material and Dn in Pb-rich material with
Dp = 9Dn.

1I. MATERIALS RESEARCH

Transparent, resistance-heated furnaces have been constructed for vapor crystal growth or other
applications at temperatures up to 1000° to 1100°C. Conventional insulation is replaced by a
layer of gold, deposited on Pyrex, which is highly reflecting in the infrared but thin enough (about

400 1&) to transmit in the visible.

Single crystals of RbNiF3 have been grown from the melt by lowering a graphite crucible con-
taining the compound, protected by an argon atmosphere, through an RF induction coil. The

apparatus is also designed for the growth of ABF3 crystals which require an HF atmosphere.

Compounds of the CsBF,; type (B= Mn, Fe, Co, Ni, Zn, Cd, Mg) exist in four related close-
packed structures, which range from entirely hexagonal to entirely cubic (perovskite). The pro-
portion of cuhic close packing is found to increase with increasing size of the B-cation and with

increasing hydrostatic pressure.

Optical ahsorption measurements have been used to determine the T62 partial pressure over
condensed phases in the Bi-Te system as a function of composition and temperature. Solidus
points for BizTe3 obtained from the pressure data are in good agreement with those calculated

from Hall coefficient data by using the antistructure model for the stoichiometric defects,

Vi
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Optical absorption measurements have been used to determine the partial pressures of Zn and Te
over Zn-saturated and Te-saturated ZnTe, respectively, and to determine both pressures over
ZnTe samples close to the congruently subliming composition. From the latter data, values of

the equilibrium constant pan,Il,éz have been obtained for the range 960° to 1190°K.
2

Solidus curves for a number of semiconductor alloy systems have been calculated from the ex-
perimental liquidus curves by assuming that the deviations from ideality are comparable in the
solid and liquid phases. For most of the systems, the calculated curves are in rather good
agreement with the experimental solidus data, particularly for compositions not too close to the

constituent with lower lattice constant.

X-ray scattering factors for aluminum have been obtained by means of absolute intensity meas-
urements on cold-worked powder pellets. Except for the first two peaks, which are influenced
hy solid state effects, the data are in good agreement with the results of relativistic Hartree-
Fock calculations for the free atom, but not with those based on Slater's approximation to the

exchange operator.

A method has been developed for determining the four major components in (Pb1 _XSnx)(Tel_ySey)
alloys by electron microprobe analysis. An iterative procedure is used to obtain the correction
factor for each element needed to calculate the atom fraction of the element from its measured

X-ray intensity.

1I1. PHYSICS OF SOLIDS

Previous oscillatory magnetoreflection results on hismuth-antimony alloys in the range of com-
position 0 < % Sb < 15 have been complemented by measurements of additional alloys. Our meas-
urements indicate the motion of some of the energy bands in the alloys and permit an identifica~
tion of the L-point energy bands involved in transitions in pure hismuth with those involved in
pure antimony. The results suggest a pattern for the variation of the energy bands at the L- and
T-points in the Brillouin zone for the hismuth-antimony-arsenic system which is consistent with

all previous magnetoreflection data in these semimetals.

As part of a program for studying the hand structure of the ferromagnetic semiconductor EuO,
reflectance measurements have been carried out at photon energies between 1 and 11eV at 300°
and 77°K. Presently a Kramers-Kronig analysis is being performed in order to obtain the dielec-
tric constant,

The 168 cm_l ultraviolet-induced absorption line in AgBr, previously assigned to a ls~2p transi-
tion of a bound polaron, has been examined in a magnetic field at liquid helium temperatures. A

splitting, due to both the linear and quadratic Zeeman effect, has heen ohserved.

A study has been initiated of electron tunneling through insulating films into PbSe with emphasis
on the effects of the optic phonons. So far, the equipment has been checked out on GaAs; also

preliminary measurements have been obtained in p-type PbSe.

The approach which was recently used to generalize the standard thermal Hartree-Fock approx-

imation (STHFA) into a form, the thermal single determinant approximation (TSDA), for dealing

vii
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more satisfactorily with entropy in the zero-temperature limit, has now been applied to a boson

system.

Measurements have been carried out on the magnetic field dependence (2.5 to 23.5k0e) of the
nuclear resonance linewidth of Mn55 in the low anisotropy antiferromagnetic compounds CsMnF3
and RanF3 at 18° and 4.2°K. An interpretation of the linewidth behavior in terms of existing
theories gives fair agreement except for an unexplained anomalous linewidth peak which is ob-
served only in RanFS'
The spin-space group concept, advanced by Brinkman and Elliott for analyzing the symmetry
properties of spin waves in magnetic insulators where spin-orbit coupling effects are negligible
for the ground state of the magnetic ion, can be extended to optical excitons arising from single-
ion transitions between the ground state and an excited state where spin-orbit effects are negli-
gible. This idea has been applied to the 4AZ———ZE excitons in Cr203 to investigate the role of
spin-orbit coupling in producing the small but nonzero measured transfer-of-excitation matrix

elements between opposite spin sublattices.

Using Brillouin spectroscopy, the velocity and attenuation of 27 to 28 GHz longitudinal hypersonic
waves in fused quartz have been measured between 80° and 600°K. The pronounced attenuation
peak at ~130°K, also observed previously by ultrasonic measurements but attributed to a struc-
tural relaxation mechanism, can be explained by a simple anharmonic mechanism involving scat-

tering of thermal phonons.

Using exchange parameters obtained from two magnon Raman scattering and other magnetic
measurements in RbNiFs, a classical BPW calculation of the Curie temperature of RbNiF3 has
been performed. The calculated value of TC is 135°K, compared with a measured value of 139°K.
In addition, good agreement is obtained between calculations of sublattice magnetization above TC

in a magnetic field, and values inferred from NMR measurements.

It can be shown that for a Maxwellian electron gas the cross section for light scattering from
single particle electron excitations is proportional to the electron distribution function under the
conditions that (a) the momentum change imparted to the electron is large compared to the Debye
wavelength and (b) the electrons have an infinite relaxation time. Experimental measurements in

GaAs have confirmed these theoretical results.

The effect on the nonlinear refractive index of molecular interaction between anisotropic mole-
cules in liquids has been investigated. Under certain restrictive conditions the liquid can be

driven into a new ordered phase, similar to a liquid crystal mesophase.

viii
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I. SOLID STATE DEVICE RESEARCH

A. GaAs SCHOTTKY BARRIER AVALANCHE PHOTODIODES

Guard-ringed GaAs Schottky barrier diodes were made which exhibit uniform avalanche
photocurrent gains exceeding 100 with gain-bandwidth products over 50 GHz. Although there has
been considerable development of p-n junction avalanche photodetectors since Johnson's1 dem-
onstration of enhanced signal-to-noise ratio in Si diodes, we believe this is the first report of
avalanche photogain observed in GaAs Schottky barrier diodes.

Previous work on diode avalanche photodetectors has shown that, in order to achieve sub-
stantial avalanche gain in the center of the diode, the premature breakdown caused by high fields
at the edge of the diode must be eliminated. In silicon Schottky barrier devices.2 this has been
done using a diffused guard ring around the perimeter of each diode. We have developed two
different techniques, one using epitaxial growth3 and one using proton bombardment4 for fabri-
cating the necessary guard ring for GaAs Schottky barrier diodes. In both cases, the perimeter
of the diode is located over a region of lower carrier concentration material, preventing pre-
mature breakdown at the edge of the diode.

Figure I-1 shows a cross section of the di-
ode structure used to obtain the results reported
here. The GaAs substrate was n-type with acar-
rier concentration of 2 X 1016/cm3. The 5.3-mil
diameter 100—2\ thick semitransparent platinum
Schottky barrier contact and the attached bonding
pad were electroplated through holes in SiO2 and

subsequently covered with an additional 1500 A of

SiO2 to protect the thin metal layer. The center B P ATINUM

of each diode was covered with a thick 5-mil di- EEEg coL0
ameter circle of photoresist, and then the sample BN SILICON DIOXIDE
was bombarded with 400-keV protons. Proton EZrien RESISTIVITY GALLIUM ARSENIDE

radiation penetrates into the GaAs. except in the Fig. I-1. Cross section of avalonche Schottky

circular regions protected by the photoresist, borrier photodiode structure.

and creates a 4-p thick high resistivity surface

layer providing the guard ring. Following this step, the SiO.2 was removed from the rim of the

diode and the bonding pad, and additional gold was electroplated to lower the contact resistance.

The 5-mil photoresist circles were then removed from the center (active) region of the diodes.
The photoresponse of these diodes was evaluated by scanning each diode with a 3-pm diam-

eter light spot from a HeNe laser, and displaying the scanned photoresponse on an oscilloscope.5

For diodes fabricated as above, the zero bias gquantum efficiency was typically 30 percent with

a variation of less than 10 percent across the active area of the diode. Operating the diodes at

an average gain of 100, the variation in response was less than +20 percent.t As a further test

tln similar diodes which did not have a guard ring, breakdown occurred at the perimeter. These diodes have exhibited gains as
large as 105 in the depletion region near the perimeter; however, they had long response times (10-3 sec).
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of uniformity, several diodes were biased into avalanche breakdown, and the emitted visible
light was observed. As expected, the emitted light was essentially uniform over the active re-
gion of the diode.

The gain-bandwidth product of these diodes was evaluated by measuring the response time
of the photocurrent to a pulsed GaAsP diode laser. At an operating gain of 100, the measured
fall time of 0.3 ns yields a gain-bandwidth product of 50 GHz. An accurate determination of the
rise time could not be made because of uncertainties in the shape of the light pulse. However,
the observed 0.1-ns rise time of the photocurrent to a flat top suggests that the photodiode has
an even larger gain-bandwidth product than that corresponding to the fall time, and that the fall
time is primarily due to the turnoff of the diode laser.

In Fig. I-2 we show the system noise measured at 30 MHz as a function of the observed photo-
current multiplication for a diode driving an amplifier with a 50-ohm input and a noise figure

of 2.5dB. The noise power is plotted as a ratio

Tew-weszin of the observed noise to the thermal noise of the

50-ohm input resistance, with the excess noise

T rrir

- at low values of multiplication caused by the am-

plifier. As may be seen, substantial signal mul-
3 tiplication can be achieved before an increase in
noise is observed. Since the signal power is
amplified as MZ, an improved signal-to-noise

ratio for this system is obtained until the noise

Illlll

power is also increasing as MZ. At higher val-

ues of multiplication, the noise increases faster

NOISE / THERMAL NOISE OF 50-0HM INPUT
3

than the signal. The maximum improvement in

signal-to-noise ratio was 34dB, which occurred

1 IlllLlJl L ) I

|
! 03 0 at a multiplication of 100.
MULTIPLICATION

In addition to these measurements in a
Fig. 1-2. Noise power (meosured ot 30 MHz) as o

. o T 50-ohm system, we have measured the diode
function of photocurrent multiplication, foran av- Y we s “ ¢ o

olonche Schottky barrier photodiode. noise at 100kHz with a 1000-ohm load resistor.
For the range of multiplication between 5 and
120, the noise power increased as Mz'i. This result is in contrast to the results for Ge6 (Ref. 6)

and Si (Refs. 7, 8) p-n junction avalanche photodiodes where the noise power was observed to in-
crease as M3 and MZ'5 respectively. Our result, if interpreted using McIntyre's model,9 which
predicts that the noise power will vary as M3 if the hole and electron ionization rates are equal
and as M2 if one rate is much greater than the other, suggests that thcre is a substantial dif-
ference in the hole and electron ionization rates.

We have also studied the spectral response of these diodes at various bias levels. Figure I-3
shows the response of a 20-mil diameter diode at two bias levels. The actual response at
40 volts was much greater than at 10 volts; however, these curves have been normalized to
coincide for wavelengths shorter than 0.86 pm. These curves thus reveal anincrease inphotore-
sponse with bias which is greater for wavelengthslonger than 0.86 um thanfor wavelengths less
than 0.86 um. The increase in width of the depletion region from 1 to 2 p with anincrease in bias
from 10 to 40 volts, could be expected to increase the relative response for this longer wave-

length penetrating light up to a factor of two, which, however, is not enough to explain the data.
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A similar difference in the relative response to short and long wavelength photons observed
in Ge (Ref. 10), Si (Ref. 11) and GaAs (Ref. 12) p-n junction avalanche diodes has been explained in
terms of a change in the dominant carrier being swept into the avalanching region. The ratio of
electron and hole ionization rates in these materials has been calculated from these experiments.
However, for Schottky barrier diodes where the highest field region is at the metal-semiconductor
interface, essentially all of the light is absorbed on the semiconductor side of the avalanching
region and the argument concerning the ratio of ionization rates does not simply follow.

In order to investigate another possible rea-

: - 3-00-5097 (2)
son for the increased relative response, the ab-

sorption through a diode was measured and is

10-v BIAS
also shown in Fig.I-3. In this experiment, a L9 ——— 40-V BIAS
10-mil diameter areain the center of the 20-mil
diameter diode was illuminated and the amount &
of light penetrating through the high field deple- %
tion region and the additional 300 pm of bulk L ABSORPTION

GaAs was measured. For wavelengths longer

than about 0.92 pm, the observed change in ab-

sorption with bias completely accounts for the SN

ABSORPTION AND NORMALIZED PHOTORESPONSE

increase in the relative response of the diode.

1
086 ose 0.90 0.92 0.94

WAVELENGTH (pm)

For shorter wavelengths, although bulk absorp-

tion obscures the changes which occur in the

Fig. 1-3. Spectrol voriotion of the photoresponse
ond obsorption of Schottky borrier photodiode ot
two different bios levels.

depletion region, the variation in photoresponse
is still in qualitative agreement with a change in
absorption in the depletion region. We have not
studied the causes of this change in absorption with bias. However, the effect is similar in both
magnitude and wavelength variation to that seen in GaAs p-n junction diodes by Penchina13 et al.,
who explained their results on the basis of the Franz-Keldysh effect.

W. T. Lindley C. M. Wolfe
R.J. Phelan, Jr. A.G. Foyt

B. EFFICIENT Se DOPING OF GaAs BY ION IMPLANTATION

We have observed efficient doping of GaAs using Se” ions implanted at 400keV, and have
also obtained high quality p-n junctions using this technique. The Se* ions were produced by
the RF excitation of hydrogen selenide, accelerated to 400keV in a Van de Graaff generator and
magnetically analyzed. Both p- and n-type GaAs substrates were used. Prior to implantation
the samples were coated with ~1500 A of SiO,. Each sample was heated to 500°C during implan-
tation and subsequently annealed at 800°C for 1 minute. In p-type samples (p ~ 3 X 1016/cm3),
a dose of 2 X 1013/cm2 produced type conversion and p-n junctions. These p-n junctions had
low leakage currents, with a sharp reverse breakdown voltage of 24 volts. Van der Pauw14
measurements on these samples indicate that a substantial fraction of the implanted ions are
electrically active. In n-type samples (n ~ 1016/cm3), the doping profile of the implanted re-

gion was obtained using standard differential capacitance-voltage measurements on gold plated
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Schottky barriers.15 In Fig. I-4 we show the profile resulting from a Se+ dose of 3 X 1012/cm2.

[+
As may be seen, a peak concentration of 2 X 10”/cm3 with a standard deviation of about 500 A
was observed. The integrated doping density shows that over half of the implanted ions are
electrically active. A.G. Foyt

J. P. Donnelly
W. T. Lindley

C. ION IMPLANTED GaAs AVALANCHE PHOTODIODES

Using set ions implanted at 400 keV n-p GaAs diodes were fabricated which have photocur-
rent gains in excess of 300 when biased near reverse breakdown. The p-type GaAs substrates
(p~2X 1016/cm3) were implanted with a dose of 2 X 1013/cm2 Se+ ions and subsequently an-
nealed to give an n-type layer ~0.3-u thick with a sheet resistance of approximately 400 ohms/
square. Following implantation, thin (1000 10&) gold-tin contact rings with an inner diameter of
4.8 mils and a width of 0.2 mil were plated on the implanted layer using SiO2 as a plating mask.
Platinum was plated over the rings and the contacts alloyed at 360°C. The GaAs around each
diode was converted to high resistivity material using proton bombardment, with the interior
of each ring protected from the proton beam with photoresist. This high resistivity layer sepa-
rated the diodes and served as a guard ring which prevents edge breakdown. The resulting di-
ode structure is shown in Fig. I-5. These diodes had typical reverse leakage currents of about
3 X 10-10A at 1 volt, and sharp reverse breakdowns at 24 volts.

The uniformity of these diodes was investigated by scanning each diode with a 3-u light spot
from an HeNe laser and displaying the photocurrent response on an oscilloscope. These meas-
urements showed that the entire diode area was active, and that the variation in photoresponse

was less than #20 percent at an average photocurrent gain of 100.
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Initial speed measurements were made by using a pulsed GaAsP light emitting diode. At a
photocurrent gain of 100, the rise and fall times of the photodiode were less than %us, which is
the limit of the light emitting diode.

W. T. Lindley A. G. Fayt
J. P. Donnelly R.J. Phelan, Jr.

D. AVALANCHE BREAKDOWN AND LIGHT EMISSION
AT GRAIN BOUNDARIES IN n-ZnSe

We have recently observed that low angle grain boundaries in n-ZnSe can behave as back to
back diodes. This behavior is similar to that observed at grain boundaries in n-Si and Ge.“’-18
In ZnSe, avalanche breakdown occurs when the grain boundary is biased to approximately
20 volts ineitherdirection. This breakdownis accompanied by broad visible electroluminescence
The ZnSe crystals used were grown by an open tube vapor transport of the constituent ele-
ments. Ilydrogen purified by a palladium alloy filter was passed in separate streams over two
heated boats containing 99.999 percent pure Zn and Se, respectively. The resulting vapor
streams were combined in a uniform temperature region where growth occurred. Crystals
grown at 1100°C consisted of plates (approximately 5 X 5 X 1 mm) of the cubic modification, hav-
ing {(111) surfaces. These were polished and etched into platelets approximately 0.25-mm
thick. Since this as-grown ZnSe exhibited high resistivity even after being annealed in excess
Zn at 1050°C, indium was diffused into the samples under a Zn atmosphere at 1000°C. Hall
measurements on single crystal portions of these diffused samples indicated an n-type carrier

concentration of 1016/cm3

and a mobility of 160 cmz/volt-sec.

Several Hall samples were found to contain a low angle grain boundary as shown schemat-
ically in Fig.1-6. The current-voltage characteristics between any pair of contacts on the same
side of the grain boundary showed ohmic behavior with a resistance of approximately 250 ohms.
Between contacts on opposite sides of the grain boundary, back to back diode characteristics as

shown in Fig. -7 were observed. With a few mA of current flowing in either direction, visible

!
A
50uA
T
GRAIN
BOUNDARY e S > v
+ —] 1oV fo—
0.3cm ALLOYED
In CONTACTS T
Fig. 1-6. Typical ZnSe sample with faur can- Fig. 1-7. Current-valtage characteristics of law
tacts, twa on either side of grain boundary. angle grain boundary in cubic n-type ZnSe.
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(c)

Fig. 1-8. Light emission along groin boundary. (a) Typicol ZnSe groin boundory sample;
(b) light emitted olong grain boundory when biosed into ovolanche; (c) another ZnSe
sample in which light is emitted from three connected stroight line segments.
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light emission was observed along the grain boundary as illustrated in Figs. I-8(a) and (b). On
close investigation, the light appeared to come from distinct filaments within the boundary. As
additional current was passed through the sample, the light from some filaments appeared to
saturate and additional filaments lit up. On another sample, light was emitted from several
connected straight line segments, as shown in Fig. I-8(c). X-ray analysis has substantiated that
a low angle tilt grain boundary (2° to 4° between {111} planes) exists at the plane from which
the light is emitted.

Based on this experimental evidence, it is postulated that acceptor type "surface states"
exist at the tilt grain boundary. The slight tilt misorientation results in a network of edge dis-

locations and therefore "dangling bonds" which can act as acceptors.w’19

There is also the pos-
sibility of a segregation of deep acceptor impurities to the grain boundary. In any event these
surface states trap mobile electrons creating a double depletion region as depicted in the band
diagram of Fig. I-9(a).

The surface states are of a sufficient density that

the grain boundary can be approximately treated as two
16-18

separate Schottky barriers connected back to back. Vo €
With an applied voltage, one diode is forward biased GRAIN BOUNDARY __»- €r
while the other is reverse biased. Therefore, when the SURFACE STATES
applied voltage is greater than several kT, almost the

Ey

entire voltage drop occurs across the reverse biased
portion of the grain boundary as shown in Fig.I-9(b).

Additional electrons are trapped by the surface states to

maintain charge neutrality.

Differential capacitance-voltage measurements indi-
cate that this model is essentially correct. The capaci-

tance is a maximum at zero bias and decreases mono-

tonically as the voltage is increased in either direction.
Above several volts in either direction, 1/C2 is a linear

function of the voltage. From the slope, one can calcu-

late a constant carrier concentration of approximately

7 % 1015/cm3. This compares favorably with the 1016/cm3 Fig. I1-9. Band diagram af grain boundary
obtained by Hall measurements. in n-ZnSe. (a) At equilibrium; (b) with
The sharp breakdown characteristics (Fig.I-7) and grplind liegre 3.
the filamentary nature of the light emission indicate that
these grain boundaries break down by an avalanche mechanism. The spectrum of the emitted
light is very broad at both 77°K and 300°K as shown in Fig.I-10. This electroluminescence
was vis3iblezin ordinary room light with only 20 mA flowing through a grain of approximately
8 X 10 "cm™.

tiplier with an S-1 surface, the quantum efficiency was found to be superlinear out to currents

Using current pulses of approximately 0.3 pus duration and a calibrated photomul-

of approximately 1 ampere, where irreversible damage occurred. Even at these currents, how-

5

ever, the external quantum efficiency was only about 5 X 10”~ at 300°K and only a factor of two
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higher at 77°K. Shorter pulses were not used because of an eleetrolumineseent risetime of ap-
proximately 0.1 ps which was inherent in these ZnSe devices.

In conclusion, it was found that low angle grain boundaries ean ereate high resistance re-
gions in ZnSe. Although visible eleetroluminescence was obtained by the avalanche breakdown
of these boundaries, the quantum efficieney was low. At present, these grain boundaries are a
source of trouble in working with eubic ZnSe, especially in lower coneentration materials where

the breakdown voltage of the grain boundaries is higher.

J. P. Donnelly
F. T. J. Smith

E. HIGHER PURITY EPITAXIAL GaAs

The first significant improvement in the purity of epitaxial GaAs was obtained by a vapor-

20,21

phase AsCl3-Ga flow system with a reported 77°K mobility of about 40,000 cm%/V see. Using

the same system, other workers soon thereafter attained 77 °K mobilities of 54,000 emz/V see,22
70,000 emZ/V sec,23 and 106,000 emZ/V gee 2t
liquid-phase epitaxy with 77°K mobhilities of 95,000 emZ/V see25 and 106,000 cmZ/V 50026 us-

ing a GaAs-Ga system. Reeently,T 77°K mobilities as high as 130,0000m2/V see have been

A similar improvement was then achieved in

reported for both the AsCl3-Ga vapor-phase and the GaAs-Ga liquid-phase epitaxial systems.
Here we report epitaxial layers grown in an AsCl3-Ga flow system with 77 °K mobilities up to
210,000 cmZ/V sec.

Some properties of these epitaxial layers are listed in Table I-1. Carrier eoncentrations

and mobilities were determined from Hall constants which were measured in a magnetic field

1 At the 1968 International Conference on Gallium Arsenide in Dallas, Texas.
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TABLE 1-1
PROPERTIES OF EPITAXIAL GALLIUM ARSENIDE
"300° K M300° K P770 K hick
-3 2 2 Thickness
(em ) {cm”/Vsec) (em”/Vsec) (®
13

1.8X 10 8200 180,000 80
2.8%x 10" 8100 210,000 68
3.8x10'3 7600 190,000 54
2.6x10"3 7800 195,000 68
3.1x 103 8200 150,000 45

of 12kG. The 77°K mobilities of these samples are close to the 200,000 cmZ/V sec24 estimated
limit for lattice scattering at this temperature. The Hall constant and resistivity of several
samples were measured as a function of temperature with the best sample having a peak mobil-
ity of 340,000 cmZ/V sec at 40°K. Analysis of the temperature dependence of the Hall constant
and the mobility indicate a total ionized impurity concentration of about 1 X 1014cm.3 which is
approximately a factor of 5 improvement over previously reported values. This improved pu-
rity was obtained with commercially available starting materials and techniques previously
described 27

C. M. Wolfe L. Krohn, Jr.
G. E. Stillman J. O. Dimmock
W. T. Lindley

F. EFFECTS OF LIGHT ON THE CHARGE STATE OF InSb MOS DEVICES

It has been shown28 that InSb MOS structures can be used to store optical images which can
be nondestructively read out with a scanning light beam and also erased with light. The storage,
reading and erasure were accomplished by using three wavelengths of light: white light from a
tungsten lamp for storing the images, infrared for reading the image, and ultraviolet light from
a mercury lamp for erasure. To measure the wavelength intervals for each effect and to pursue
the mechanisms involved, we have made a detailed study of the effects on the InSb MOS devices
of photon radiation in the energy range between 0.5 and 5.0eV. The light induced charge trans-

. oy ] ] : 2
fers occurring within the structure were discussed in a previous report; 9

the present report
summarizes the mechanisms involved and presents some of the spectral data obtained.

The device structure consists of a sample of InSb, one surface of which is anodized to form
an oxide layer about 500 Ii thick and a semitransparent nickel film about 100 K thick is evap-
orated onto the oxide 1ayer30 to form a metal-oxide-semiconductor sandwich or "MOS" struc-
ture. Initial studies:«}0 at 77°K using n-type InSb showed that infrared radiation of wavelengths
from one to 5.4 p would penetrate the metal and the oxide and be absorbed in a depletion region

in the InSb at the oxide-InSb interface. The light absorbed in the depletion region generates
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electron-hole pairs which r"esult in a photovoltage appearing across the structure. For wave-
lengths shorter than about 1, effects are seen which can be attributed to a photoemission of
electrons from the InSb into the oxide. Some of the photoemitted electrons are trapped in the
oxide, creating an electric field which modifies the extent of the depletion region in the InSb.
At very short wavelengths the light is absorbed in the oxide causing it to become conductive,
which allows some of the trapped electrons to escape causing a corresponding modification of
the InSb depletion region. The spectral data of the accompanying figures will be discussed in
terms of these mechanisms.

We referred above to a depletion region in the n-type InSb at the oxide-InSb interface.
However, n-type InSb unbiased structures cooled to 77°K while in the dark, do not exhibit a de-
pletion region. The data indicates that an n-type accumulation region forms under these con-

ditions. Upon exposure to

The energy diagram depicting this situation is given in Fig. I-11(a).
ordinary room lights or controlled radiation of wavelengths shorter than about 1y, a depletion
region forms as shown in Fig. I-11(b) because of the induced charge transfer. If p-type InSb is
used to fabricate the structure and it is cooled in the dark, a depletion region is obtained as
shown in Fig.I1-11(c). With short wavelength radiation this region can be eliminated, resulting
in the situation depicted in Fig.I-11(d). The change in the InSb depletion regions between
Figs.I-11(a) and (b) and between Figs. I-11(c) and (d) can also be accomplished by applying DC
voltages to the structure. A depletion region modified by radiation can thus be forced back to-
ward its initial state by the application of a bias.

At room temperatures we cannot detect a depletion region in the InSb because of the large

numbecr of thermally generated carriers; however, we are able to observe the photoemission

from the InSb into the oxide and the photoconductivity of the oxide.

Unnormalized spectra at

different applied bias voltages are shown in Fig. I-12.

A positive voltage corresponds to the po-

tential of the mctal surface relative to the grounded InSb side.

The large intensity variations of

The

curves of Fig. I-12 show that the photoemission is observed down to about 1.2 eV. The signal at

the Xcnon lamp and monochromator used as a source for these studies are also shown.

high photon energics is associated with the photoconductivity of the oxide and is observed to
change sign with bias. However, the lower energy response due to photoemission from the InSb

gives only the one polarity. This polarity is that which would arise due to emission of electrons
from the InSb into the oxide.

Measurements similar to those shown in Fig. I-12 were also taken at 77°K and the DC photo-
response yielded essentially the same spectra. A change in signal amplitudes was obtained
which could be correlated with the increased resistance of the oxide. Samples prepared from
p-type and n-type InSb gave essentially the same spectral results except, again, for variations

in magnitude.

To measure more directly thc "writing" and "erasing"” photon energies, we used the mod-
ulated 3.9-pu emission from an InAs diode source to determine the condition of the depletion re-
gion. With no depletion rcgion, no signal as a result of the 3.9 source is obtained, but as the
depletion region builds up, thc response increases correspondingly. The results are shown in
Fig. I-13 for n-type InSb devices. Each point of the spectra was obtained by exposing the struc-

tur'¢ to photons of the energy indicated, turning off this radiation and then measuring the response

S 11
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Fig. 1-13. Photoresponse to moduloted 3. 9-u
InAs diode rodiatian (in orbitrary units) versus
photon energy for n-type InSb-MOS device,
with different opplied biases at 77°K. Ap-
plied bioses ore indicoted on curves.
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to the InAs 3.9-u radiation. As indicated, biases were also applied which were left on during
the exposure intervals and while probing with the 3.9-u light. The most dramatic changes in
both n- and p-type devices were obtained with +1V bias applied to the Ni layer. For the n-type
samples of Fig.[-13 a bias of +1V tends to decrease the depletion region but with exposure to
photons in the energy interval of 2 to 4 eV thc photoemission and consequent trapping of charge
produces a field greater than that of the applied bias. At the ultraviolet end of the spectrum,
the charge is released and thc depletion region is again eliminated. A complementary behavior
is expected and obtained for the p-type samples. W. B. Krag

R.J. Phelan, Jr.
J. O. Dimmock

G. TEMPERATURE AND COMPOSITIONAL DEPENDENCE
OF LASER EMISSION IN Pbl_xSnxSe

We have observed laser emission from diodes fabricated from the semiconducting pseudo-
binary alloy Pbi_xSnxSe in the composition range 0 £ x £ 0.276 and havc studied the energy of
laser emission as a function of composition and temperature. Previously, laser action:‘“':‘)2
was observed in p-n junctions of Pbi_xSnxSe for x up to 0.08. The results of these studies
strongly support the model : in which the valence and conduction bands invert and exchange roles
in the Pbi_xSnxSe alloy serics as x is increased from zero to 0.4. This model was originally
proposed to explain the composition and temperature dependence of the energy gap in the
Pbi_xSnxTe alloys and it was at that time suggested tha;it}'ge; same model should apply to the
Pbi_xSnxSc alloys as well. Although previous workers™ '~ " have obtained strong cvidence that
the band inversion model is applicable in the Pbi_xSnxSe alloys it is felt that the new results
presented here confirm the model rather conclusively. In addition, we havc now observed laser

emission throughout the wavelength range from 8 to 31.2u. The observation of laser emission

12 /
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for various compositions provides strong evidence for a direct energy gap for all compositions
of Pbi_xSnxSe in the range x = 0 to x = 0.276.

In this study, crystals were grown from the vapor using the type of growth ampoule de-
scribed previously.35 After a growing time of about 20 hours using a source powder of
(Pb-Sn)0‘51Seo‘49, the vapor-grown crystals were furnace-cooled to 625°C from the growth tem-
perature of 800°C, isothermally annealed at 625°C for 72 hours and quenched in water. In the
same sealed ampoule, the crystals were slowly heated to 425°C, isothermally annealed for
1 hour at 425°C, and furnace cooled to room temperature. The crystals were transferred to a
second ampoule containing powder of composition (Pb-Sn)o.‘wSeo.51 and carried through the
above 425°C process again. During the latter process, a thin surface layer of the n-type crystal
is converted to p-type. The crystals were cleaved, gold plated, indium plated and mounted in
low inductance packages using In-Ga solder to bond the indium plate to the current leads. The
diodes were then mounted in a commercial, variable temperature dewar and the laser emission
energy and laser threshold current were measured by standard techniques as the temperature
was varied. Experimental results for three laser diodes of Pbi_xSnxSe with x = 0.19, x = 0.218
and x = 0.276 are displayed graphically in Fig. 1-14 and given in Table I-2.

The emission energy was observed to decrease as the temperature was increased, as shown
in Fig.I-14, and the laser threshold current increased slowly. However, as the temperature
approached a value corresponding to a reduced laser emission energy of approximately 8 kT
(see Table I-2), the threshold energy increased sharply and finally the diode stopped lasing. The
temperature cutoff, temperature coefficient of the laser emission energy, and reduced emission
energy of three inverted gap materials are shown in Table I-2. The data indicate that the tem-

perature coefficient increases somewhat as the SnSe content increases from x = 0.218 to x = 0.276.
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Fig. |-14, Plot of variation of laser emission energy with temperature
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TABLE 1-2

TEMPERATURE COEFFICIENT OF LASER EMISSION ENERGY, AE/AT,
LASER EMISSION ENERGY AT THE TEMPERATURE OF CUTOFF Ef,
TEMPERATURE OF CUTOFF Tf, AND Ef/ka

Mole Fraction AE/AT

of SnSe, x eV/°K Ef(eV) Uy Ef/ka
0.276 +0.008 —5.8x 10" 0.0675 85°K 9.2
0.218 +0.002 —4.2x 107 0.0450 64°K 8.2
0. 190 +0.004 —3 x1074 0.0398 45°K 10

At low temperatures, the coefficient decreases to a very small value for not only these com-
positions but also for PbSe. Above about 30°K, the temperature dependence of the energy gap
is approximately +4 X 10-4eV/°K for PbSe, opposite in sign to that of the alloys studied here.
A change in sign in the temperature coefficient of the laser emission is consistent with the in-
verted energy gap model.33 Also, Table I-2 shows the compositional dependence of the energy
gap as determined at 12°K for various lasers of Pbi_XSnXSe. The various compositions were
determined by electron beam microprobe analysis and the probable compositional error range
is indicated in the table. Since the compositional dependence of EG for high Sn contents is op-
posite in sign to those for low Sn contents, additional evidence is provided for the inverted
model.

T.C. Harman [ Melngailis
A.R. Calawa J. O. Dimmock

H. MAGNETIC FIELD DEPENDENCE OF LASER EMISSION
IN Pbl_xSnxSe DIODES

We have measured the laser emission energy as a function of magnetic field up to 50kG in
a number of Pbi_XSnXSe diodes in the composition range 0 < x £ 0.276. For the first time in
any material to our knowledge, the emission energy of the lowest energy line has been found to
decrease as the magnetic field strength is increased. This occurs in the case of the higher Sn
content alloys with x > 0.19. Thus, these results suggest that it may be possible to tune the
laser emission energy to very long wavelengths using a magnetic field.

For these experiments the diodes were mounted in the core of a solenoidal superconducting
magnet and were oriented with the current parallel to the magnetic field, both being along a
[100] crystallographic direction. The radiation is emitted perpendicular to this direction along
another [100] crystallographic axis. Spectra were obtained as a function of‘m;agn‘etic field and
the energies of the laser emission peaks are shown for a typical diod& with high Sn content in
Fig.[-15. At low and intermediate current levels, a single emigssion peak is observed whose
energy increases rapidly with increasing magnetic field. HQ‘we/ver, at an intermediate value of

magnetic field the emission switches to a lower energy peak whose energy decreases with further
/
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increase in field. A third higher lying emission line is observed by using high current pulses.
The observed emission peaks have energies which are a linear function of magnetic field and
represent transitions between various conduction and valence band magnetic levels.

The decrease in the energy of the lowest emission line as the magnetic field increases is
readily understandable on the basis of the inverted band model for the Pb, _Sn Se alloys with
higher Sn content.33 Consider a simple two band model in which the effective mass tensor and
g-factors of the conduction band are determined solely by the presence of a valence band, sep-
arated from it by a small energy gap, and vice versa. If the interaction with all other energy
bands is neglected Cohen and Blount3 have shown that there is a relationship between the ef-
fective masses and g-factors such that the lowest conduction band and highest valence band
Landau level with n = 0 and spin = —1 should each have an energy which is independent of mag-
netic field.

Baraff37 has considered an extension of this model in which the interaction with other en-
ergy bands is considered in second order perturbation theory. This results in a small field de-

pendence of the n = 0 and spin = —1 conduction and valence band Landau levels, which is given

by

1
E1=E +(-Z- A-B) H (1-1)

g
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and

1
E2 = +(E C-D)H (1-2)

where, if the subscript 1 refers to the conduction band (Lg in PbSe), and 2 refers to the valence
band (Lg in PbSe), A and C represent a deviation in the L6- and Lg effective masses, respec-
tively, and B and D represent a deviation in the Lg and Lg g-factors, respectively, from the
values predicted by the two band model, all due to interactions with other bands.

The magnetic field dependence of the longest wavelength laser emission in PbSe for H par-
allel to [100] is about +1.0 X 10_7eV/Gauss which corresponds to 1(A-C) — (B-D) in the theory of
Baraff. In our model33 for the energy bands in the PbSnSe alloys the valence and conduction
bands in the higher Sn alloys are inverted from those in PbSe. That is, Lg becomes the con-
duction band and L6 becomes the valence band. Neglecting any other changes, Eqs.(I-1) and
(I-2) become in this case

1
?:1 Eg +(3 C-D)H (I-3)

and

E,

+(3 A-B)H (I-4)

and the magnetic field dependence of the longest wavelength laser emission in these alloys should
be given by 3(C-A) — (D-B) which is just the negative of the field dependence in PbSe. The values
of —0.9 X 10-7eV/Gauss for an alloy with x = 0.218, and —1.1 X 10-7eV/Gauss for an alloy with

x = 0.276, are in good agreement with this model. This lends additional support to the model
that the energy bands in PbSnSe cross over with increasing Sn concentration. It should be noted
in conclusion that according to the theory of Baraff there are higher order matrix elements
which prevent these two lowest levels from crossing but that the minimum separation distance
should be quite small, of the order of 10”%ev at 100kG.

A. R. Calawa T.C. Harman
J. O. Dimmock I. Melngailis

I. INTERDIFFUSION IN PbSe

Interdiffusion in PbSe has been described by Fick's law using two diffusion constants, one
for the diffusion of excess Pb into PbSe and the other for the diffusion of excess Se into PbSe.38
By measuring the motion of a p-n junction in PbSe as a function of time and temperature, it was
found that the diffusion coefficient for diffusing from an excess selenium vapor in lead-saturated
PbSe is about nine times larger than that for diffusing from an excess lead vapor into selenium
saturated material. This suggested that the diffusion coefficient for this interdiffusion process
may be dependent on the relative concentrations of the interdiffusing species. In an attempt to
determine this dependence several diffusions were performed using materials of different ini-
tial concentrations, Ao, but keeping the surface concentration, As, constant. Some preliminary
results are shown in Fig. I-16. The upper points are diffusion coefficients for the diffusion of
Se into Pb-rich PbSe substrates. The lower points are diffusion coefficients for the diffusion

of Pb into Se-rich PbSe. The diffusion coefficient in each case was calculated assuming a Fick's
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Fig. I-16. Concentration dependence of effective
diffusion coefficient for p-n junction movement in
PbSe at 400°C. Solid lines are theoretical curves
forD /D =9.
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law dependence and a diffusion from a constant surface concentration into a semi-infinite solid.
The results show that the diffusion coefficient varies with initial concentration of the PbSe
substrate.

a8, 20 which assumes that the in-

This data is in essential agreement with a diffusion model
terdiffusion coefficient has two values, Dp in Se-rich material and Dn in Pb-rich material with
Dp =9 Dn' I)p and Dn are assumed to be constant and change abruptly from one value to the
other at the p-n junction. The concentration profiles on both sides of the junction are obtained
by solving Fick's equation using constant diffusion coefficients and maintaining continuity of con-
centration and diffusion current at the junction.

It was fornd that the rate of junction movement could be described by an effective diffusion
coefficient D* which depends on the ratio of initial concentration to surface concentration
AO/AS, The solid lines in Fig.1-16 are a best fit of D* to the currently available data. The
agreement seems promising and efforts are under way to obtain more experimental points.

R. W. Brodersen?

J.N. Walpole?
A. R. Calawa

T Author not at Lincoln Laboratory.
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II. MATERIALS RESEARCH

A. TRANSPARENT FURNACE FOR VAPOR CRYSTAL GROWTH

} Since the growth of large crystals from the vapor phase requires rather long periods, it
would be extremely advantageous to be able to monitor the process visually in order to modify
r the growth conditions or to terminate the experiment in case of failure. This is quite difficult
to accomplish with a resistance-heated furnace insulated by asbestos or similar opaque material,
since a viewing port is generally cooled sufficiently by radiation loss to become obscured by
condensation of the vapor.

To solve this problem, we have developed a transparent, resistance-heated tube furnace
for operation at temperatures up to 1000° to 1400°C. In this furnace conventional insulation is
entirely replaced by a layer of gold, about 400 A thick, deposited on Pyrex. Such a layer is an
effective insulator because of its very high reflectivity in the infrared beyond 1 pm, where a
blackbody emits 99.8 percent of its energy at 1000°C and 99 percent of its energy at 2000°C, but
it is thin enough to be quite transparent in the visible (see Fig. Ii—i). Metal reflectors have been

1.2 but the use of transparent films for this purpose

employed previously to insulate furnaces,
has not been reported. Although many metals are highly reflecting in the infrared, only a few
transmit sufficiently in the visible to be transparent, and of these gold is the most suitable for

furnace construction because of its inertness.

/ / \ \REFLECTIVITY

/ N\ OF 400-A GOLD

/ AN
/ \
cl s AN

FOR BLACKBODY AT 1000°C \\

/ Lmax
/ ™~
~
/ TRANSMI?SION
/ OF 400-A GOLD
;
' ] ] | |
0 [ 2 3 4 5 3

Alum)

Fig. l1-1. Transmission and reflectivity of gald layer 400 A thick,
and relative energy distributian af 1000°C blackbody.
Several different versions of the transparent furnace have been constructed. Each consists
of three concentric parts, an inner silica tube in which crystal growth occurs, a heating element,

and an outer Pyrex tube with the gold layer deposited on its inner surface. One convenient type
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is shown schematically in Fig.11-2. Figure 11-3 is a photograph of this furnace, which uses a
cage type heating element consisting of seven two-hole thermocouple protection tubes (1/4 in.
diameter, 99 percent alumina) suspended by boron nitride end rings. The tubes hold 6 m of
16 ga. Kanthal A-1 wire with a cold resistance of 6.2 ohm and a thermal loading of 39 watts/in.2
This furnace can be operated in either the vertical or horizontal position; another type of heat-
ing element in which the heater wire was wound in a spiral on quartz was satisfactory for hor-
izontal but not for vertical operation.

The gold mirrors have been prepared by two different methods. The first type was made by
electroplating a long tungsten wire with gold, hanging the wire along the axis of the Pyrex tube
inside a vacuum bell jar, and depositing the gold by evaporation. These mirrors were moder-
ately adherent and in some cases could be used for many days, but they could easily be scratched
when the heating element was inserted and sometimes deteriorated after only a few days of
operation.

More satisfactory gold layers have been prepared by decomposition of a commercial gold
resinate solution. After the Pyrex tube is scrubbed in hot Alconox, one end is stoppered and a
small amount of solution poured in. The inside is evenly coated with solution by rolling the
tube almost horizontally, gradually erecting the tube to leave a uniform layer of liquid, remov-
ing the stopper, and draining off the excess. The tube is immediately fired by passing it at
1 cm/min through a furnace maintained at about 600°C, while air is gently blown through from
the resin side. After the organic resin is burnt off, the tube is annealed at 600°C overnight to
increase the adhesion. These chemically deposited mirrors, while not quite as uniform as the
vacuum deposited mirrors, are extremely adherent. They can be made thinner by diluting the
solution with spraying medium #7874.

In order to determine the effectiveness of the gold insulation as a function of thickness, Pyrex
tubes were coated by chemical deposition with gold films nominally 2, 1, 1/2, and 1/4 layers
thick. (The 2-layer film was obtained by successive depositions with full strength solution, while
the fractional layers were prepared with appropriately diluted solutions.) The temperatures at-
tained in the furnace of Fig.II-3 by using these tubes are shown as a function of input power in
Fig.11-4, together with similar plots for the same furnace with an uncoated Pyrex tube, and for
a typical 5-cm i.d. laboratory muffle furnace with conventional packed insulation 6.5-cm thick.
The temperature attained with a fixed input power increases with increasing film thickness, but
there is little increase in temperature when a 1-layer film is replaced by a 2-layer film. It is
seen that the input power for each individual furnace increases with very nearly a T4 dependence.

The transparent furnace shown in Fig. II-3 has been used successfully for a number of vapor
growth experiments on ZnTe. The single crystal shown in the photograph, which is 1.7 cm in

its longest dimension, was grown in 48 hours.
T. B. Reed

B. GROWTH OF RbNiFg SINGLE CRYSTALS

Because RbNiF‘3 is a transparent ferrimagnet with large optical Faraday rotation,3 it is of

considerable interest for a variety of magneto-optical experiments. We have developed a method
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for growing RbNiF3 single crgstals of sufficient size (1 cm diameter, 5cm long) and optical
quality for such experiments.” It should be possible to use essentially the same method for
growing single crystals of other ABF3 compounds. .

Small stoichiometric crystals of RbNiF‘3 are first prepared” by the double decomposition
of RbF and NiClZ in a Pt crucible at 1000°C under dry argon. About 10 percent by weight of
NH4HFZ is added to the compound. The mixture is dried by conventional techniques and then

placed in the growth apparatus shown schematically

in Fig. I1-5. This apparatus consists of a monel

HIGH
VACUUMT[ MONEL VALVES headpiece sealed by a water-cooled Teflon gasket

to an inconel tailpiece, inside which a graphite cru-
GAS —— —+ GAS cible is mounted on a nickel rod. The headpiece is
provided with a gas inlet, a gas outlet, and a con-

H,0 —»ﬂ

@: —— H,0 nection to a high vacuum manifold. Graphite is used

as the crucible material because it is inert and is

TEFLON GASKET not wet by molten fluorides, so that grown crystals

[+—— INCONEL TAIL PIECE can easily be removed from a tapered crucible. The

Ni rod provides good heat flow from the crucible.

GRAPHITE CRUCIBLE Many fluorides hydrolyze at low temperatures.

In order to remove as much adsorbed water as pos-

! FLUORIDE CHARGE . .
RF ——%' g +10% N, HE, sible, the apparatus is alternately evacuated and

flushed with dry argon. It is then lowered so that

the crucible is positioned within the Kanthal resist-
ance furnace. The system is evacuated and main-
KANTHAL FURNACE tained at a pressure of less than 10_6 torr while the
furnace is slowly heated to 100°C to remove water
vapor. The vacuum valve is closed, and argon is
NICKEL STAND allowed to flow through the system. The temperature
KHF is then raised to 300°C. At about 200°C the NH4HF

2

2

decomposes, yielding HF which removes contami-
) ) nants from the RbNiF, charge. After the decompo-

Fig. 11-5. Apparatus for growing single crystals 3 g P

of RbNiF., and other ABF,, crystals. sition is complete, the gas inlet and outlet valves

: 3 are both closed. Power to the resistance furnace is
then increased to heat the charge to about 200°C above its melting point (TM = 960°C for RbNiF3).
This process reduces the viscosity of the melt sufficiently to permit any trapped gas bubbles to

escape.

The power to the resistance furnace is now reduced. The apparatus is pressurized with ar
gon at about 1 atm, in order to prevent decomposition of the charge during crystal growth, and
then raised until the bottom of the crucible is just above the RF coil. A partial pressure of HF
is supplied by heating the bottom of the tailpiece to 200°C in order to decompose a quantity of
KHFZ located there. The temperature of the Kanthal resistance furnace is raised to about 200°C
below the melting point of the charge. Sufficient power is supplied to the RF coil to melt a small

layer of the charge, and crystal growth proceeds as the apparatus is lowered through the coil.

24




Section |l

Use of RF heating makes it possible to achieve high temperature gradients {(~200°C/cm) and
therefore to use reasonable growth rates (~1 cm/h) without encountering difficulties caused by
undercooling. RF heating is also advantageous because only a small portion of the charge is
molten at any one time; this reduces the loss of fluorine and also the contamination of the melt
by the apparatus. J. R. O'Connor

L. J. Small
A.R. Leyenaar

C. EFFECT OF PRESSURE AND B-CATION SIZE ON CRYSTAL STRUCTURE
OF CsBF3 COMPOUNDS

At atmospheric pressure, each of the compounds CsBF3 (B = Mn, Fe, Co, Ni, Cd) exists
For CsNi.F3,
which has the smallest B cation, the structure has only hexagonal close packed CsF3 layers

in one of four related close packed structures that have been described earlier.

with all NiF octahedra face shared, giving a ¢ axis repeat of two layers (2L). As the B cation
size increases, so does the proportion of cubic close packing. For CsCoF3, 1/3 of the layers
are cubic close packed leading to a nine layer stacking sequence (9L). For CsFeF3 and CsMnF3,
2/3 of the layers are cubic close packed and there is a six layer stacking sequence (6L). Finally,
CstF3 has only cubic close packed layers with all octahedra corner shared, giving the perov-
skite structure,

We have found that high pressure treatment of the CsBF‘3 compounds at elevated tempera-
tures results in a number of transformations involving an increase in the ratio of cubic to hexag-
onal close packed layers. Details of sample preparation and high pressure treatment have been
given earlier.7 The high pressure phases were retained by quenching from 700°C to room tem-
These

retaincd phases require heating for a few hours at 200° to 500°C for retransformation to their

perature before reducing the pressure, and then identified by powder X-ray diffraction.

atmospheric pressure forms (APF). In each pressure induced transformation, the initial struc-

ture is changed into the next higher one in the sequence 2L — 9L — 6L — perovskite. The 2L
structure (APF) of CsNiF3 transforms to the

9L at 5 kbars and then to the 6L at 47 kbars.' 80| 66 P
The 9L (APF) CsCoF , transforms at 22 kbars B :::Ef::::'m

to the 6L.. For CsFeF,, the 6L, (APF) trans- 6 66 6 P 6 = 6 LAYER

forms at about 70kbars to the perovskite, °r . rE A

while the 6L (APF) CsMnF, requires only E B J FRID

26 kbars for the same transformation. These i sof-[6] :\ 6 p

transformations are summarized in Fig. II-6, 5 o :

where the observed structures are shown on a ? \é S

plot of pressure vs ionic radius of the B cat- ai : :

ion. Each B cation radius was calculated by m N\

subtracting tshe ionic radius of F'-1 in two-fold o : \;\ - i—? f ,‘,__:_
. inati - i di- Mg Ni ZnCo  Fe Mn Cd Ca
coordination  from one-half the um';hceelxl‘adlii Qyo 7 ng i ga 1'QLZ l Qée 3 ml’g

mension of the KBF3 perovskite.
obtained in this way are consistent with the
volumes of the BF2 rutiles and of the CSBF3

compounds we have investigated. The cell
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VOLUME DECREASE (%) DUE TO PRESSURE-INDUCED
TRANSFORMATIONS OF CsBF3 COMPOUNDS

TABLE 11-1
UNIT CELL DIMENSION (A) AND VOLUME PER MOLECULE (A3)
FOR CsBF, COMPOUNDS
Structure Type
2L oL 6L Perovskite
Compound Units (hexagonal) (hexagonal) (hexagonal) (cubic)
A 6.24%x5.22 | 6.15%X22.32 6.05X14.55
CsNiF, .
A 88.0 81.2 76.9
A 6.20 X22.36 6.09 X 14.67
CsCoF
< A3 82.7 78.5
A 6.16 X 14.86 4,283
CsFeF
g A3 81.3 78.6
A 6.213X15.074 4.328
CsMnF
¢ i 84.0 81.1
A 6.16 X22.13 6.04 X 14.45
CsMgF
. A3 80.8 76.1
A 6.09 X 14.67
CsZnF
g A3 78.5
TABLE 11-2

B-Cation
Transformation Ni Co Fe Mn Mg
2L+ 9L 7.7
9L~ 6L 5.3 5.1 5.8
6L — Perovskite 3.3 3.4
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dimensions and volumes of the latter are given in Table II-1. Each of the high pressure trans-
formations involves a sizeable volume decrease, as tabulated in Table II-2. The percentage
change in volume is shown to decrease as the proportion of cubic close packing increases.

For CsZnF3 and CsMgF3, no stable atmospheric pressure phase is formed. However,
CsZnF3 forms the 6L structure at pressures greater than 30kbars. CsMgF3 has the 9L struc-
ture at 30kbars and is transformed into the 6L structure between 30 and 40kbars. The pressure
for the 9L — 6L transformation is much too low to be consistent with the phase diagram drawn
in Fig. II-6. This inconsistency indicates that the field of stability for these structures is not
determined solely by geometric considerations. Both Mg and Zn are quite different from the
other B cations studied. Unlike the transition metals Mn, Fe, Co, and Ni, neither Mg nor Zn
has any unpaired electrons, and they are more basic and ionic than the other elements. These
characteristics are expected to inhibit the tendency of Mg and Zn to occupy face-shared octahedra
and therefore to lower the pressures required to effect transformations to structures with more
cubic close packing.

J. M. Longo D. A. Batson
J. A. Kafalas T.W. Hilton

D. HOMOGENEITY RANGE AND PARTIAL PRESSURES OVER BizTe3(c)

Although the semiconducting compound BiZTe3 has been the subject of a number of investiga-
tions in recent years, there are important gaps in our knowledge of this material. The only vapor
pressure measurements have been Knudsen cell weight-loss measurementsg’10 which give no di-
rect indication of the vapor species involved nor of the variation of partial pressures along the
three-phase curve of BiZTe3. There has been only one partially successful attempt,“ based on
precision density measurements, to check the correctness of the antistructure defect model sug-
gested12 on the basis of Hall coefficient measurements on the first-to-freeze crystals from melis
of known composition. Moreover there has been no detailed, direct determination of the homo-
geneity range.

We have filled these gaps by determining the partial pressure of Te2 as a function of temper-
ature for a number of pre-annealed Bi-Te compositions between 44 and 70 atomic percent Te. The
technique used was that of measuring the optical density of the coexisting vapor phase as a func=-
tion of wavelength by using a Cary 14-H double-beam spectrophotometer. We have previously
applied this technique to a number of telluride and selenide systems as well as to Te (Ref. 13)
and Se themselves. In the present investoigation the Te2 partial pressure, Ppe. . Was obtained
primarily from the absorption near 2000A, which is about 10 times stronger than that near
4357A. The results are shown in Fig.I1-7, where pp, is plotted against 103/T for various
compositions. The large parabola-like curve gives the values of Pre along the three-phase
curve of BiZTe3 (i.e., along the solidus lines of BiZTe3), Since values of PTe for the 60.07,
59.99, 59.90, and 59.80 atomic percent Te compositions fall within this three-phase curve, <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>