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FOREWORD

This Final Technical Report describes the basic and applied
research under Project 7885, Task 01, entitled '"Research on
Crystal Growth and the Optical and Magneto-Optical Properties of
Semiconductors", during the period from 1 July 1964 to 30 June 1974.
The report briefly summarizes the results of extensive experi-
mental and theoretical investigations of the optical and
magneto-optical properties of compound semiconductors, mostly
the Group II-VI compounds, which were performed in the
Aerospace Research Laboratories, Wright-Patterson Air Force
Base, Ohio, under the above Task/Project. These investigations
were aimed primarily toward a complete characterization of the
electronic energy band parameters and defect status in these
materials by means of high-resolution optical and magneto-
optical spectroscopy. The report also briefly summarizes the
techniques of vapor phase crystal growth which were used to
synthesize the crystal specimens employed in these investigations.
Exploitation of compound semiconductors for device applications
was the ultimate objective of the research.

Although a number of scientists contributed to the research
over a period of several years, the principal investigators
and leaders of the Task Effort were the following:

D. C. Reynolds, Principal Investigator

C. W. Litton, Principal Investigator

T. C. Collins, Research Scientist

L. C. Greene, Research Scientist
D. C. Reynolds was the principal investigator during the period
1 July 1964 to 1 August 1971; C. W. Litton served as principal
investigator from 1 August 1971 to 30 June 1974.

Most of the research has been reported in a series of
papers published in the scientific and engineering literature,
the more important of which are referenced in the Appendix at the
end of Section VII (List of Publications).

iii

FARNTY <30 Ve

0

7S

L A R g

|



AFAL-TR-76-147

TABLE OF CONTENTS

: SECTION PAGE
I INTRODUCTEON & el s i e 5eh iaie, clori e o liar e ainan asbasniet ipeife o as g ik
II CRYSTAL GROWTH AND PREPARATION.: . « o o o ¢ o o s o s o o 5 ;
I SeTnEreduction: it i e L al v eie e e e DY %
: 2. Bulk  Cryatal s s e o all ilisiks s e e (e ol e D i
5ff 3. PLAtETRt CEVREALE: o Lt e e et e e e |
i 4. Specimen Preparation: Cutting and Polishing. . . . . 10 |
i;{ III OPTICAL PROPERTIES.: '« ol o s, 6 & 00 e 8 6 s 2eiie oo & & o 12 ;
E § 1 IHErOBRCEION & o' % ik e e e et e A e e e AR
} 2. Experimental -APDPro@Ch .. i & sie s s ke erer alie e e aw A3
3. Energy - Band StEUCEUTe o oi et e en st s el e e cer e e L4
/ 4., Intrinsic Spectral Characteristics of ;
o \; SemicondUCtOrS. « o o ¢ o o o o o o ¢ o o o o o o o o 17
Aol OPREICAl DIBTOERION . & v o i i B R s i e wgdd ]
i? b. Absorption and Reflection at the Bandgap. . . . . 24
g c. Reststrahlen Absorption: Phonon Dispersion . . . 27 :
?é S5+ . IMPUY 1ty 'SPECLEOSCOPY '« n /e o o o 6 e Jonlia s w65 o 28
. a. Photoluminescence . « « « ¢« ¢« ¢ ¢ ¢ ¢+ o o o o o o 28 3
5 Be PRIL SPECLLR, s 'y v w s s v W e v a8 e eiw s v x 30
iy c. Far Infrared Impurity Absorption. . . « « « « . . 30
;va ; 6. Exciton Structure . . . ¢« ¢ « v ¢ s s s o o o s o o o 31 ;
%ﬁ : .ﬂ a, Intrinsic or Free Bxcitons, « « ¢ v « o o s ¢ o &« 31
%QQ i D, Bound BXCLEONB. « o« « s o ¢ ¢ & ¢« 6 s s s s o« s s 35
?i‘ | 7. FElectron-Phonon Interaction . . . . . « +« o« « « « « . 36 ;
Py 3
‘Y 3
x
A
»




AFAL-TR-76-147
b TABLE OF CONTENTS
, SECTION PAGE
v MAGNETO-OPTICAL PROPERTIES . . .« . « &« & o« o &« « « « » o 489
3f ‘ T erediidtion s s . s ararnn e e aes e ;
;;;; i 2. Experimental Facilities. . . « « . o o o o s s s o o 439 ;;?”
jﬁ‘ 3. Magneto-Optical SpectrosSCOPY « « « « « « o « « « o« » .40
:iég a. Zeeman Spectra of Intrinsic Excitons . . . . . . .40
by b. Zeeman Spectra of Bound Excitons . . . . . . . . .43
ﬁ; c. Infrared Cyclotron Resonance . . . . . « . « . o .45
‘;1 4. Spin-Flip Raman Scattering . . . . . ¢« « ¢ ¢« « « . . .46 1
f 5. Polaron Cyclotron RESONANCE. . . . « o« « « « o « + o .47 ;.
f v DEVICE ORIENTED RESEARCH . . « &« ¢ « « « « o« o« o« « « o o« 50 ?
4 1, Cd8:Cu,B Solar Celle . . L .. o o' i o o siain 5D '
?f 2. High-Power Infrared Laser WindowS. . . . . . . . . . .52 '{
i. 3. Non-linear Optics: Growth and Study of HgS Cinnabar. .55 : ;
! VT SIANIPICANT ACHIEVEMENTS o « o o « « s s o « o s s s o« o 58 :
. ; VII CONCLUSIONS AND RECOMMENDATIONS. . « ¢« o« « o « o« o s « o +60
| ABBERDIR L0 e i G e el
= &
& 3
% I
_ vi lm‘,.-_




(1

AFAL-TR-76-147

SECTION I

INTRODUCTION

The primary objective of this task has been the optical and
magneto-optical characterization of the intrinsic and extrinsic
properties of compound semiconductors, primarily from the II-VI
group of crystalline materials. Active over a period of some
ten years (from July 1964), the major goal of the task effort was
to extend the laboratory's early work on semiconductor optical
properties by 1) initially concentrating its basic research efforts
on the complete characterization of the fundamental optical and
magneto-optical properties of wide bandgap semiconductors and
then 2) to extend the optical and magneto-optical studies to a
complete characterization of the extrinsic properties of these
materials. As semiconductor science and device technology have
shown in the past, development of the Silicon and Germanium trans-
istors being good cases in point, it was necessary that the first
step be achieved before the second could be realized. As defined
here fundamental or intrinsic properties refer to those electronic
energy band states and the other parametric constants, such as
charge carrier effective mass, free exciton parameters, phonon
states and energies, dielectric functions, refractive indices,
etc., which belong to the crystalline lattice of the pure crystal,
i.e., uniquely defined and reproducibly measurable properties;
extrinsic properties, on the other hand, refer to electronic
defect properties, arising from the presence of both foreign
impurity atoms and host lattice (stdichiometric) defects in the
pure crystal lattice. One obvious goal of this task has been to
establish the optical, magneto-optical and electronic device
potential of the II-VI compounds for electromagnetic devices which
are required in Air Force systems, such as ultraviolet, visible and
infrared detectors, photoconductors, image detectors and intensi-
fiers, energy converters and power sources (solar batteries),
field effect transistors, micro-electronic circuit arrays, microwave
oscillators and generators, integrated optical circuit elements,
junction diodes (rectifiers), light emitting diodes, laser tuning
elements and parametric oscillators, acousto-electric and electro-
optic elements, acoustic delay line elements, high power laser
window materials, etc. In order to achieve this ultimate goal,
it was first necessary to pursue a rather extensive in-house pro-
gram of vapor phase and melt crystal growth of the II-VI compounds
in order to maintain close control over crystal quality and defect
production and particularly to minimize contamination by foreign
impurities. It was also absolutely essential that the electronic
impurity or defect state of these materials be completely under-
stood and completely characterized, not only with respect to what
foreign impurities and native defects were present in undoped,
as-grown crystals, but also the concentrations of these residual
impurities and defects and their effect on the intrinsic energy
band parameters of the material. As part of this characterization
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‘ effort it was necessary to establish control of the impurity and
L { defect structure in a given material by introducing known donor
B : and acceptor impurities and defects through controlled doping
i experiments, mostly during crystal growth but also via controlled
3 thermal diffusion, and then to develop optical and magneto-optical
spectroscopic techniques to monitor the change in defect structure.
As a consequence of these spectroscopic studies, all of the funda-
mental properties of the wide bandgap II-VI compounds have been
carefully measured and defined and the electronic impurity or
o defect state is also well understood, in virtually all of these
E 3 materials. The validity of the spectroscopic results is now well
= established, not only because of their close agreement with those
p of other methods (when available), but also because of their wide
. acceptance in the published scientific and engineering literature,
2 | over the past decade and more. The optical spectroscopy and
k. § characterization studies are summarized briefly in the various
3 f sections of this report; further details can be obtained from the
L) é pertinent published papers listed in the Appendix at the conclu-
p sion of the report. During the course of this task effort, several
important "firsts" in semiconductor physics were achieved and
these will be discussed briefly in the last two sections of the
report.

2 { The technique of high-resolution optical absorption, reflec-

9 tion and photoluminescence spectroscopy (at bandgap photon energies)

‘ is not only an extremely powerful tool for the analysis and study

Ee of intrinsic energy band parameters of semiconductors, as well as

their impurity and defect states, but has also generally proven to

be the best technique available for this purpose. Intrinsic or

free exciton formation is observed in most well-formed, wide-

bandgap crystal structures, under optical excitation at cryogenic

temperatures, and such free excitons have proven to be a very

B powerful tool for probing the intrinsic band structure of semicon-

A ductors; by the same token, bound exciton complexes have proven

? to be an equally powerful tool for probing the impurity and defect
structure of several of these semiconductor materials. The fact
that the optical transitions arising from both free and bound
exciton formation fall at photon energies near the bandgap makes
exciton spectroscopy an even more attractive technique for the wide
bandgap II-VI materials, since their bandgap spectral regions (ultra-
violet to near infrared) fall at wavelengths for which extremely
sensitive and fast radiation detectors (including photographic
emulsions) are readily available. In conjunction with theo-
retically calculated energy band structure, the effective mass

* approximation and high magnetic fields (magneto-optical spectroscopy),

i optical bandgap spectroscopy usually yields far more useful infor-

A mation regarding the intrinsic and extrinsic properties of semicon-

ductors than do alternative analytical techniques, such as electrical

transport measurements, EPR, NMR, mass and emission spectroscopy,

auger spectroscopy and several other standard techniques. Moreover,

the spectroscopic technique is much more economical, in respect of

v
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both experimental resources and the time required for analysis,
than are most of the alternative analytical techniques which are
available to the semiconductor physicist and engineer.

Actually, bandgap exciton spectroscopy is closely related
to another spectroscopic resonance technique which has been widely
used to probe the intrinsic band structure of both wide and narrow
bandgap semiconductors. This technique, usually referred to
collectively as interband or intraband infrared cyclotron resonance
and originally developed at microwave frequencies, has been exten-
sively employed in the measurement of charge carrier effective
masses in semiconductors at high symmetry points in the Brillouin
Zone and yields what are probably the most precise values of
these parameters which have been determined to date. It has
also been used to probe the shape of conduction and valence bands
and to measure precisely the magnitude of the electron-phonon
interaction in polar semiconductors. The intraband cyclotron
resonance technique has been extended in recent years to studies
of shallow donor and acceptor impurity resonances (Zeeman Spec-
troscopy) at far infrared fregquencies and high magnetic fields,
mostly since the advent of high-resolution Fourier transform
spectroscopy (interferometry) and particularly since the advent
of far infrared molecular gas lasers which radiate at submilli-
meter wavelengths. The technique of far infrared Zeeman spec-
troscopy of impurities and defects is usually referred to as
submillimeter magneto-spectroscopy. It has proven to be an
extremely sensitive and powerful technique for analyzing the
defect structure of semiconductors and for detecting the presence
of different donors and acceptors of nearly equal binding energy
(chemical shifts) in high mobility samples, particularly when
the cross-modulation technique (photoconductive signal detection)
is employed. Iy thgs mode as few as five impurity electrons
out of some 10" “/cm™ can be detected. Zeeman spectroscopy of
excitons at the bandgap and submillimeter magneto-spectroscopy
are actually complementary spectroscopic techniques; one can
sometimes be used to advantage instead of the other and both have
been employed in the semiconductor characterization studies of
this task effort. One recent example of the power of the spec-
troscopic technique can be seen in the following: For more than
a decade, many experimental attempts have been made to determine
precisely the magnitude of the electron-phonon scattering interaction
due to large polaron formation in moderately to highly polar
semiconductors and thereby establish the validity of Frohlich's
continuum model and his electron-phonon interaction theory. Many
of these attempts employed electrical transport measurements or
related techniques and all proved either unsuccessful or inconclusive.
In recent work of this task effort, conduction-band-electron cy-
clotron resonance absorption measurements were performed at sub-
millimeter wavelengths on high-mobility specimens of moderately
polar n-type CdTe and the experimental results (polaron-induced
shifts in cyclotron frequency and electron mass) were, for the
first time, in excellent quantitative agreement with the predictions
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of the one-phonon quantum mechanical theory of the Frohlich
electron-phonon scattering interaction over a wide range of
cyclotron frequencies and fields.

The task was divided into essentially three parallel efforts:

1) Crystal Growth and Preparation
2) Optical Properties
3) Magneto-Optical Properties

These three separate but interdependent efforts are treated in
separate sections of the report under the same titles. This is
followed by a separate section which discusses several device oriented
research projects and another which briefly summarizes the significant
achievements of the task. The report concludes with a summary of

the experimental findings together with recommendations for future
research and device applications.




AFAL-TR-76-147

SECTION II

CRYSTAL GROWTH AND PREPARATION

1. INTRODUCTION

A substantial part of this task effort (about 50%) was de-
voted to the growth and preparation of the Group II - VI crystals
and to research aimed at improving the purity and quality of both
single and polycrystals of these materials; the effort included
research on improved methods of crystal growth, such as novel
furnace designs, precise temperature measurement and control,
ultra-purification of raw materials and controlled impurity doping
techniques. Depending on the purpose for which they were intended,
crystals were grown in two basically different forms: 1) large,
single and polycrystalline ingots (up to 5-6 in.3 in volume),
and 2) thin, high-quality, hexagonal platelets up to lem? in
cross-section. Virtually all of the wide bandgap II - VI compounds,
such as CdS, ZnS, Zn0O, CdSe, ZnSe, ZnTe, CdTe and HgS, were grown
in one of these forms or the other during the course of this program.
Most of the II - VI compounds crystallize in the zincblende (cubic)
structure, but several crystallize in the hexagonal modification
and these will be identified below. The bulk crystal growth effort
was aimed primarily at the production of large, bulk-single-crystals
for direct device applications, as well as for the research needs
of the entire Laboratory research program, while the platelet:
crystal growth effort was directed primarily toward experimen-
tation to improve the chemical purity and structural quality of
the II - VI compound crystals. The platelet growth effort also
included a program of high-resolution, magneto-optical spectro-
scopy (mostly bound exciton spectroscopy) which was used as an
analytical tool for the identification of residual concentrations
of chemical impurities and defects in these materials. This
program on the magneto-~optical spectroscopy of defects and im-
purities in platelet crystals was begun in the early 1960's by
Reynolds, Litton and Collins (summarized in several papers on
bound exciton Zeeman spectroscopy referenced in the Appendix
of this report); it was continued by Greene, starting in the
mid-1960's, primarily for the purpose of studying and identify-
ing specific kinds of electronic defects commonly encountered in
CdS, CdSe and CdS:Se, such as those introduced by the alkali
metals and the halogens (see L. C. Greene, ARL Final Report No.

TR 75-0094). The platelet type crystals (CdS, CdSe, ZnS and ZnO)
were chosen for the impurity and defect studies because they could
be grown with stable and reproducible defect, structure and

because they proved to be excellent general models of the defect
structure for all of the II - VI compounds. Many of the funda-
mental optical properties (discussed in the Introduction, Section I)
were also first measured and defined in the platelet crystals
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because of their high-purity and high optical quality. The details
of both bulk and platelet crystal growth techniques have been

given in a review by Reynolds, Ref. 5, Appendix of this report,

and are summarized briefly below.

2. BULK CRYSTALS

Single crystals of the wide bandgap II - VI compounds were
grown by two principal methods

(1) Vapor phase sublimation of the compound in either
static or gas flow systems and,

(2) High pressure melt-growth in modified Bridgman systems.

The polycrystalline infrared laser window specimens of ZnSe and
ZnTe discussed in Section V were also grown by the vapor phase
sublimation technique. Both vapor phase sublimation and high
pressure melt furnaces were employed in the growth of the CdS,
CdSe, ZnO, ZnS and CdTe single crystals whose optical and magneto-
optical properties are summarized in Sections III and IV. Most

of the II - VI compounds undergo sublimitation at high temperature
and do not melt at atmospheric pressure. The exceptions are

CdTe, HgSe, HgTe and HgCd:Te (and under certain circumstances,

HgS) which can be grown from the melt at atmospheric pressure.

In fact, the highest mobility CdTe crystals ever grown have been
crystallized from the melt, using the techniques of traveling
solvent, modified Bridgman and vertical zone melting. For example,
the high mobility CdTe crystals (ue ~ 105cm2/v-sec at 35 degrees

K) employed in the polaron cyclotron and impurity resonance
measurements discussed in Section IV were grown from low pressure
metals. High pressure melt growth is often employed when impurity
doping 1is required in the II - VI compounds, although the crystalline
perfection of such crystals is not as high as that of crystals
grown by vapor transport. This is particularly true for CdS,

CdSe, ZnS and Zn0O, and to a lesser extent for ZnSe and ZnTe.

But it 1is usually possible to obtain a more uniform distribution
of dopant in pressure-melt-grown crystals and to overcome the
impurity segragation problem, often common to vapor-grown-crystals.

All of the vapor phase crystal furnaces employed for this
sublimation growth of the II - VI crystals were designed and
constructed in ARL. The single and multiple zone furnaces
employed for this purpose were similar in principle to the original
design of Reynolds and Czyzak. In a typical single zone furnace,
thermal insulation is achieved with firebricks which surround
the mullite-ceramic furnace liner tube. Six SiC heating elements
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(rods) are positioned radially around the mullite tube and run

the length of the furnace. 1In this arrangement, a hot zone
approximately 18 inches long is developed at the center of the
furnace. Measurement of the temperature gradient along the
furnace length shows the temperature profile to be parabolically-
shaped, with the hottest point lying at the center. Temperature
control is maintained with a proportional temperature controller
in conjunction with a Pt - Pt 0.13 Rh thermocouple, whose hot
Jjunction is positioned at the center of the furnace, adjacent to
the external ceramic furnace tube. The growth chamber is provided
within the inner quartz liner tube (approximately 2 - inch diameter)
which is described below.

All of the bulk vaporgrown II - VI crystals discussed in
this report were grown by the method of Reynolds, Czyzak and Greene
which was first used in the late 1940's and early 1950's for the
growth of CdS and ZnS. The method is essentially a static one
employing an inert gas atmosphere. In the present versions of
this method, the crystal powder charge is placed within two tele-
scoping quartz tubes, one end of each tube being fitted with a
roughened quartz seed plate. The quartz tubes are then pushed
together, creating a chamber approximately six inches long for the
powder charge, which ranges between 200 - 250 gms, depending upon
the final crystal size desired. The quartz tube arrangement is
then placed within the mullite furnace tube and positioned such
that the charge lies at the maximum in the temperature profile.
One end of the mullite tube is permanently closed and the other
is sealed with a rubber stopper containing glass tube exhaust and
inlet ports. The system is then evacuated with a mechanical pump
and, while still under vacuum, the charge is fired (sintered)
at approximately 800 degrees C for at least an hour. After firing,
the system is purged several times with pure argon. Finally, the
system is filled with argon and sealed. The furnace temperature
is then raised to a point slightly above the sublimation tem-
perature of the powder charge where it is maintained for the
duration of the growth period. Typical sublimation temperatures
are approximately 1300 degrees C for CdS; 1240 degrees C for
CdSe; 1340 degrees C for ZnSe; and 1180 degrees C for CdTe. Hot
subliming vapors from the powder charge are then deposited on the
colder quartz seedplates which form the nucleation sites for single
crystal growth. Typical temperature gradients maintained between
the charge and seedplate were approximately 50 degrees C for CdS
and ZnSe, and in the range of 30 - 40 degrees C for CdTe and
CdSe. Approximately seven days are required for the growth of
large boules of CdS, CdSe and ZnSe; 10 days for CdTe. At the
completion of growth, the system is slowly returned to room tem-
perature in order to prevent cracking of the single crystal boules
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due to the differential thermal contraction between the crystal
ingot and the quartz tube and seedplate to which it is attached.

A similar version of this same system was also used to synthesize
the large ZnSe and ZnTe single and polycrystalline infrared laser
window cyrstals (discussed in Section V). In this case the quartz
tubes and seedplates were coated with pyrolytic graphite in order
to prevent sticking of the crystals to the growth chamber surfaces
and thereby prevent cracking of the ingots during cool-down.

The vapor phase furnace was used to grow several of the high-
purity, n-type CdS bulk specimens employed in the spin-flip-Raman
scattering measurements summarized in Section IV. As grown, these
crystals were usually of very high resistivity. In order to lower
their resistivities, the crystals were sealed in quartz ampules
and baked in a Cd atmosphere for periods of 24 to 36 hours.
Following this procedure, specimens with room temperature mobilities
100 cm/v-sec and resistivities in the range of 1 to 0.01 ohm-cm
could be obtained. Such specimens hai7room-temperature cigrier
concentrations in the range of 1 x 10 to a few times 107" /cm.

‘Room temperature carrier concentrations in this range were required

in order to achieve the low-temperature electron concentrations
required for the spin-flip-Raman scattering measurements. Similar
rocedures were also applied to the CdSe and CdTe vapor-grown
specimens used in the light scattering experiments. Frequently,
however, one finds that the vapor growth of pure CdTe yields p-type
crystals of slightly non-stoichiometric composition, owing to the
loss of Cd during high temperature sublimation. This effect has also
been observed and can be a problem in the conventional low-pressure,
melt-growth of CdTe. When the resistivity of such p-type crystals

is not extremely high, they can be type-converted by baking in a

Cd atmosphere and, occasionally, moderately low-resistivity, n-type
material can be produced. Similar procedures were also applied to
moderately-low-resistivity, as grown n-CdTe laser window specimens.
The resistivity of such specimens could be increased to relatively
high values by the compensation produced by baking in a Te atmosphere,
thereby reducing their infrared radiative absorption losses to
acceptable values for the window applications.

Several of the CdS, CdSe and ZnSe specimens employed in the
spin-flip-Raman scattering studies were grown in a commercially-
built, pressure-melt furnace, provided by the Eagle Pitcher Co.

All of the Raman specimens grown by this method were donor-doped
(with either Cl or Br) to concentration in the range of 1 to

100 ppm. The dopants were provided by various salts, mixed in the
initial charge. Operating at pressures in the range of 1500 to
2000 psi and at temperatures somewhat lower than those required

for vapor phase growth, n-type crystals of CdS, CdSe and ZnSe

were grown over periods of several days. The pressure-melt furnace
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was also used to grow CdS, ZnS, ZnSe and ZnTe crystale doped
with transition metal and rare earth ions which were used for
various research studles within the laboratory, particularly
spectroscopic, magneto-resistance and thermal conductivity char=
acterization studies of such impurities.

The thin (7 - 25um thick) InAs epi-layer specimens employed
in the resonant polaron coupling studies and in the magneto-
spectroscopic studies (cyclotron resonance) of the shallow donor
electron were grown epitaxially in a three-zone, continuous-
hydrogen=-flow, open-tube type epi~layer furnace of the type designed
and operated by McCarthey and Cronin. The epi-layers were
grown on Cr-doped, semi-insulating GaAs substrates. Bulk InAs
specimens were also employed in the cyclotron resonance mea-
surements and these were pulled from the melt. Some of the InAs
epi-layers were grown by the author and others were obtained
from various commerclal sources and laboratories.

3. PLATELET CRYSTALS

Of the 12 chalcogenides of Zn, Cd and Hg, only CdS, CdSe,
ZnS and Zn0 readily crystallize in the wurtzite hexagonal
structure, and it is only from these materials that the thin;
high-quality, platelet type crystals can be grown by vapor
phase sublimation; most of the others, such as CdTe, ZnTe and
ZnSe, normally crystallize in the zincblende cubic structure.

A modified version of the single zone vapor phase furnace
described above was originally employed for the growth of the
high-quality CdS, CdSe and ZnO platelets whose intrinsic and
bound exciton spectra are discussed in Sections III and IV.

In this dynamic system, the crystal vapor is transported across

a temperature gradient by means of an argon flow and is deposited
upon the sharp edges of a radially-cut quartz cylinder of small
diameter. Nucleation occurs at the sharp edges of the cylinder,
producing high-quality platelets as thin as 0.5 to 50 um, with
cross sections up to lem2, and thicker platelets of lower quality
ranging up to 1000 m thick. Actually, a considerably more
sophisticated three-zone vapor furnace was used for the more
recent platelet growth of CdS and CdSe, but the basic vapor

phase technique remains essentially the same.

Platelet crystals grow predominantly in the direction of
thelr hexagonal c-axes and are bounded by natural crystal planes.
The very thin platelets also have the flexibility and crystalline
perfection of a whisker, indicating a very low defect concen-
tration. In fact, some of the very thin platelets of CdS show
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no visible photoluminescence under intense optical excitation,
indicating a very low concentration of optically active impuri-
ties and defects. Somewhat surprisingly, perhaps, the platelet
crystals can also be grown to a stoichiometric excess of Cd and
S. High purity platelets with excess Cd show a characteristic
neutral donor complex, and those containing excess S show a
neutral acceptor complex, as determined from Zeeman studies

of their bound exciton photoluminescence spectra at temperatures
1 to 4 degrees K. This will be discussed further in Section

IvV.

4. SPECIMENT PREPARATION: CUTTING AND POLISHING

The optical, electrical, thermal and other semiconductor
specimen preparation requirements of the entire laboratory were
serviced by a part of this task effort. For example, optical
transmission, reflection and photoluminescence specimens
were cut from as-grown crystal ingots into many different geom-
etries for many different types of scientific experiments, as
well as for optical device applications. Crystal cutting was
accomplished by means of diamond wire saws and cutting wheels.
Often, it was also required that semiconductor specimens have
their crystallographic axes and planes spacially oriented with
respect to the specimen faces and surfaces; this was accomplished
by means of x-ray diffraction measurements prior to cutting the
specimen. The faces of optical specimens were ground and polished
by standard lapidary techniques (automated lapping machines)
and were typically polished to mirror-like finishes, through a
series of wet-laps with successively finer abrasives, such as
various grades of Al1,0, powder. Chemically polished specimens
were also prepared, %n , when required, specimen surfaces were
chemically cleaned and roughened or polished with special etchants.
Specimens of many different semiconductor materials were prepared
during the course of this effort, not only the wide bandgap
IT-VI compounds, but also many of the III-V's, and Si and Ge
as well. Often such specimens were required for special
experimental purposes, such as infrared filters, transmission
windows, and optical lenses, that could not be acquired com-
mercially. Specimens were also prepared for special in-house
projects, such as the small chips and wafers of doped ZnSe and
ZnS required for the fabrication of light emitting diodes, as
well as the optically polished specimens of ZnSe and ZnTe
required for both in-house and contract programs on the develop-
ment of optical waveguides and integrated optical circuit elements.
As part of the Air Force High Power Infrared Laser Window Materials
Program, which began early in 1971, a large number of CdSe, CdTe,
ZnSe, IZnTe and ZnSe:Te laser window crystals were cut, polished
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T i

] and otherwise prepared for optical transmission testing (ab-
sorption coefficient measurements) in the joint AF Mater’als
Lab - AF Weapons Lab program. Most of these specimens were

: grown in-house, but a few were provided from various external
& contract programs. In fact, surface polishing techniques were
developed especlally for these window specimens in order to
minimize thelr surface scattering and absorption losses. Small
optical specimens of the window materials were also prepared
: for photoluminescence spectroscopic studies of the impurities
and defects which they contained. The spectroscopic studies of
the laser window materials were performed as a part of the basic
task effort, but will be discussed separately under Section V.
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SECTION III
OPTICAL PROPERTIES

1. INTRODUCTION
In additlion to their interesting electrical properties,
semiconductors also absorb, reflect, scatter, disperse and
radiate light, and, in general, interact strongly with the
electromagnetic radiation field. For this reason, many of
their fundamental properties, such as energy bandgaps, acti-
vation energies, effective mass parameters, dielectric functions,
refractive indices and lattice vibrational frequencies, can be
determined from optical experiments, particularly from their
optical spectra. As used here, the term "optical" refers to a
broad region of the electromagnetic spectrum, ranging from the
vacuum ultraviolet tc the far infrared. Over the past two
decades, optical spectroscopy has been increasingly employed

for the study and measurement of semiconductor prcperties

and has ultimately become a very powerful experimental tool.
Some of the earliest determinations of the bandgaps in Ge and

S1i were made from measurements of their spectral transmission
and reflectivity in the near infrared, and these measurements
led ultimately to a better understanding of the indirect-
allowed optical transitions and the off-axis conduction band
minima in these important semiconductor materials which cry-
stallize in the diamond structure. During the past ten years,
optical spectroscopy has also become a very powerful tool for
the study and characterization of electronic defects and impuri-
ties (bound states) in semiconductors. Much of our present
understanding of the fundamental energy band structure in
semiconductors, particularly in the II - VI and III - V com=-
pounds and in Ge and Si, has come through detailed studies of
their intrinsic optical spectra, and there is still much to be
learned from spectroscopic studies of impurities and defects

in these materials.

In this section we shall deal with those intrinsic and
extrinsic semiconductor parameters which can be measured and
studied from optical spectra in the absense of a magnetic
field; the effect of an externally applied magnetic field
on these parameters will be treated separately under
Magneto-Optical Properties in Section IV. In semiconductor
optical spectra, virtually all of the spectral features arising
from the optical transitions (electronic and lattice) sharpen
markedly upon cooling to cryogenic temperatures. In fact,
many of the important optical transitions which characterize




. ol
B B i

AFAL-TR-76-147

the quantum states of a semiconductor can only be observed

at very low temperatures (near 4.2 degrees K). This is caused,
in part, by a reduction in the various scattering mechanisms
which are dominant at room temperature and by a reduction in

the thermal spread of the quantum levels with respect to the
energy of the optical transition (hw>>KT). By measuring the
optical and magneto-optical spectra as a function of temperature,
a great deal of additional information about the intrinsic and
extrinsic properties of semiconductors can be obtained, partic-
ularly with regard to free electron and hole populations,
impurity concentrations and the oscillator strengths of the
optical transitions. For this reason, most of the semiconductor
optical spectra discussed here were measured as a function

of temperature, usually in the range of 1.2 to 4.2 degrees K

and rarely above 100 degrees K. Exciton spectra, e.g., are not,
observed in most of the II-VI compounds at temperatures much
above 10 degrees K, owing to the small binding energy of these
quasiparticles. Unless otherwise specified, all of the spectral
data discussed in this report were obtained at temperatures
between 1.2 and 4.2 degrees K.

2. EXPERIMENTAL APPROACH

In addition to unique crystal-growth facilities for the
II-VI compounds (vapor phase and pressure-melt furnaces), the
laboratory is also uniquely equipped to perform high-
resolution absorption, reflection and emission spectroscopy
in semiconductors, over a wide range of cryogenic temperatures.
Several cryogenic Dewars, with provision for immersion curling
of semiconductor optical specimens to temperatures as low as
1.2 degrees K, were employed in the spectral measurements, and
optical cryostats capable of operating between 10 and 300
degrees K were also available for specimen cooling. High-
resolution spectral analysis of the light transmitted, reflected,
emitted and scattered by the semiconductor specimens was
achieved with several modified Bausch and Lomb grating spectro-
graphs of 2 meter focal length, equipped with f£/16 optics and
large 4" x 5", 55,000 lines/inch diffraction gratings. The
high;resolution grating spectrometers had a spectral range from
2000A to about 2 um wavelength and were thus extremely useful
for bandgap spectral studies in all of the II-VI compounds
considered in this report. These spectrogrgghs were ggpable
of a limiting spectral resolution of 0.08cm (1 x 10 “eV)
at the narrowest slit widths. The spectrally analyzed
radiation was detected with high-speed photographic emulsions
and with photoelectronic detectors. Continuous radiation
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(sources) was provided by high-intensity tungsten lamps and by
high-pressure zirconium lamps; photoluminescence excitation A
was provided by filtered U-V sources (high-pressure Hg are 1
lamps) and by rare gas ion laser sources.

Infrared absorption and photoconductivity spectral mea-
surements were performed in a far infrared, vacuum-grating
spectrometer capable of providing monochromatic radiation from
the visible out to 120 um wavelength. Designed and constructed
in-house, this monochromator is particularly well suited for
mid-to far infrared absorption and reflectivity measurements
in the neighborhood of the strong reststrahlen absorption
bands of most semiconductors (20 to 70 um wavelength). It was
employed 1n the reststrahlen and local mode (impurity) absorption
measurements in CdS, CdSe and a - HgS and in doped and undoped
ZnSe laser window specimens. The infrared spectrometer hai a :
1.5 meter focal length (f/7 optics) and is capable of lcT' ]
resolution in the far infrared and approximately 0.5 cm ~— in
the near infrared. It also employs several different types of
infrared detectors, including diamond window Golay cells, as
well as fast photoconductive and helium-cooled semiconductor
bolometer detectors for selected spectral ranges. Housed in
a large vacuum tank, this spectrometer was designed so that it
could be used in conjunction with cryogenic optical Dewars, as
well as superconductive magnet Dewars.

Shly

3. ENERGY BAND STRUCTURE

We shall be concerned here primarily with those II - VI
and III - V compound semiconductors wnich crystallize in either
the wurtzite hexagonal, or the zincblende cubic structures.
At this point in time, the energy band structure throughout
the Brillouln zone, and particularly at the high symmetry points,
is very well understood in nearly all of the II - VI and
IIT - V semiconductors which crystallize in these structures.
Much of this understanding has come from the enormous number
of theoretical energy band calculations which have been performed
over the past few years, such as those performed by the ARL
Sclid State Theory Group, using various plane wave methods,
as well as those performed by other groups, using several
different theoretical approaches (See T. C. Collins, ARL Final
Report No. TR 75-0020, February 1975, and the references cited
therein). And there 1s little doubt that the experimental
optical data obtained from semiconductor spectra have contributed
considerably to the success of these theoretical energy band
studies.
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As noted in Section II, CdS, CdSe, ZnS and ZnO readily
crystallize in the wurtzite structure, and, for our purposes
here, we shall be concerned mainly with the wurtzite energy |
band structure at the center of the Brillouin Zone (I - symmetry j
point, near K = 0). This point in K-space defines the for-
bidden energy gap at the conduction and valence band extrema;
it 1s also the E vs K region which is appropriate to our studies
of exciton structure, bandgap transitions and impurity states.

At X = 0, the wurtzite band structure is characterized by
a conduction band minimum of r, symmetry. It is also char-
acterized by a six-fold degenerate valence band maximum of
I';s symmetry, in the absence of spin-orbit and crystal field
interactions; in the presence of these perturbations, the I';s
valence band splits into three two-fold degenerate bands of
the following symmetries; a top valence band (A-band) of Tg
symmetry and two lower split-off bands (B- and C~bands), each
of r;, symmetry. It is interesting to note that the T 5 valence
band is equivalent to that of the zincblende structure in the
absence of spin-orbit interaction. The splitting of the wurtzite
valence band arises from a mixed spin-orbit and crystal field
interaction. The separations of these three valence bands are
defined by the relations

YR TS PRI PO st
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ap = (8gg *+ 85,072 = [(agy + 85,)°/8 = 285 .8,./317,

Bag = (Bg, + 8, 0/204 [(Bg, *+ 8 327K = 28 8../315, (1)
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from which approximate values of the spin-orbit and crystal
field energies, and App, may be calculated. For all practical
purposes, the wur zite s ructured materials are direct bandgap
semiconductors and have direct allowed optical transitions.

In terms of atomic orbitals, the conduction band states are
predominantly S-like in character and the valence band states

are predominantly p-like. Optical transitions between the
valence and conduction bands obey polarization selection rules
which have been determined from group theory. For example,

a Ir', = I'g transition is allowed only for E1C, where C is the
crystalline c-axis of the wurtzite lattice and E is the electric
vector of the radiation. A r,; - r, transition, on the other
hand, 1s allowed for both modes of polarization (E11C and E1C).
it is this property of the wurtzite band structure which gives
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rise to the absorption dichroism commonly observed in CdS,

CdSe, ZnS and Zn0. Since free excitons are hydrogenically-

bound electron-hole pairs, whose electrons and holes derive

from the conduction and valence bands, respectively, one would
expect the exciton symmetry to depend upon the symmetry of the
bands to which it belongs and it does. However, the total
symmetries (irreducible representations) of the exciton states
are defined by a product representation of the conduction and
valence band symmetries and the exciton symmetry. This gives
rise to exciton states whose symmetries and optical selection
rules are different from those of the conduction and valence
bands. Similar arguments can also be made for the symmetries

and selection rules of exciton complexes (impurity excitons).
Optical selection rules are often extremely useful in identifying
the optical transitions in semiconductor spectra and have
frequently been used for this purpose in the present work. These
points will be discussed further in Section III-6 (Exciton
Structure).

Zincblende is the other crystal structure which shall be
of interest to us here. Virtually all of the III-V compounds
and many of the II-VI compounds normally crystallize in this
relatively simple cubic structure. The zincblende energy band
structure is relatively simple at the Ir-symmetry point. At
K = 0, 1t 1s characterized by a conduction band minimum of
¢ symmetry. As noted above, it is also characterized by a
valence band maximum of I;s symmetry, in the absence of spin-
orbit interaction. 1In the presence of spin-orbit interaction,
the valence band splits into two bands: a top valence band of
I'g symmetry and lower split-off band of I'; symmetry. In materials
of this structure, optical transitions between conduction and
valence bands are unpolarized. Moreover, excitons formed
from the conduction and valence bands of the zincblende structure
have states whose symmetries differ from those of the wurtzite
lattice. All of the zincblende semiconductors which have been
considered in the present report are characterized by direct
bandgaps.

The experimental values of the zone center separations
(r-point) of the conduction and valence band edges in the
II-VI compounds are given in Table I. These precise values
of bandgap and valence band separations have been determined
mostly from intrinsic exciton spectra, in which the hydrogenic
exciton effective mass approximation was assumed. Exciton
spectra will be discussed in Section III-6.
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4. INTRINSIC SPECTRAL CHARACTERISTICS OF SEMICONDUCTORS
a. Optical Dispersion

In electrical terms, there are two extremes in which material
media may be classified: 1) dielectric insulators and 2) metallic
conductors. Although semiconductors belong to neither extreme,
it has long been recognized that their electrical and optical
properties have much in common with those of the two extremes.

For example, semiconductors transmit, absorb and disperse optical
radiation just as insulators do, and, at the same time, they also
conduct electrical charge and have relatively high conductivities.
As their name suggests, semiconductors are part-insulator and
part-conductor and they are characterized by both dielectric and
metallic properties. In our treatment of the intrinsic spectral
characteristics of semiconductors, it is of interest to consider
the simple classical theory of optical dispersion in dielectric
media. The optical constants and dispersion relations which can
be derived from classical dielectric theory are also applicable

to semiconductor media and offer at least a semi-quantitative
description of the dispersion and absorption which arises from
the motion of both bound and free electrons, produced by the incident
electromagnetic radiation field. Free excitons also produce dis-
persion and their spectral characteristics definitely belong to
the intrinsic spectral characteristics of the semiconductor in
which they are formed. In fact, it is now generally recognized
that the low temperature bandgaps of most II-VI and III-V semi-
conductors can be determined much more precisely from the analysis
of exciton spectra than from the analysis of broad absorption
adge spectra.

The classical disperison treatment of Lorentz considers the
pure dielectric as an assembly of oscillators set in forced motion
by the incident radiation field. In this model we shall be con-
cerned with the polarization arising from the displacement of bound
electrons from their equilibrium positions, the displacement being
produced by the periodic field of the incident radiation. The
equation of motion of such electron can be written as

mEx Eom¥yx * m*wozx = eEelm, (2)

where m*, e and x are, respectively, tge effective mass, charge

and displacement of the electIog, m*® “x is the restoring force,
m* x is the damping force, Ee “" is tfle applied periodic field,

w is a characteristic frequency and y is a damping factor given

by ¥+ = 1/T, where T is the collision time.

17
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The solution of this equation varies sinusoidally and its
complex amplitude is given by

x = (eE/m*)/(u ? - v® + 1u) (3)

from which we may calculate the oscillating dipole moment, ex,
and the polarization, P, of the medium in which there are N
electrons per unit volume

P = Nex/E. (4)

In dielectrics of non-vanishing conductivity, the refractive
index is complex and may be written as

N = (n - ik) (5)

where n is the real part of the index, and k is the absorption
index which is proportional to the conductivity, 2nkwe . For
the same reason, the dielectric function of the medium is also
complex and may be expressed as

e, = (n-1k)? = (n®k°-12nk), (6)
Since € = N2. Both N and ¢ _ depend on the frequency or wave-
length, since n and k are f?equency—dependent. The complex
dielectric function is related to the polarization by

H 1+ P/eo, (7)

where e _1is the dielectric permativity of free space. Combining
Equatiofls (6) and (7) and substituting Equations (3) and (4),
we obtain

(n=1k)° = 1 + (Nel/m*eo)/(woz-w21-im A (8)

Equating real and imaginary parts of Equation (3), we obtain
n2-k2 =1+ (Ne2/m*e ) w 2 —w2
’ R (9)
() (T T

2nk = (Ne2/m*eo) (10)

Equations (9) and (10) are the classical dispersion relations which
relate the optical constants, n and k, to the radiation frequency,
w, in a dielectric medium. As noted above, n and k are not
actually constants; they are slowly varying functions of the

e A RV 5, TR0
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%. § frequency, w, except in regions of intrinsic absorption where
P 0 they vary rapidly with frequency. These classical dispersion
- . relations provide approximate descriptions of the dispersion

and absorption which arises from the motion of bound elecsroas
in semiconductors. The left-hand side of Equation (9), n“-k<,
is the real part of the complex dielectric function, € , while
the left-hand side of Equation (10) is its imaginary pirt, as
we can see from Equation (6). We note from Equation (10) that
2nk rises through a maximum as w - Wy which corresponds to an
absorption band centered at w_, such as the broad absorption
peak (continuum) which arises from the band-to-band transitions
at the bandgap and which commences at ‘the absorption edge of the
semiconductor, Equation (1) represents a single oscillator and
thus has only one maximum in 2nk (at w = w_). For wavelengths

=f | ] much longer than those in the absorption b8nd centered at

s 4 w = w_, k becomes negligible in comparison to n, and Equation (9)
% 1 may b approximated by

n®-1 = (Ne?/m¥e_)/(u %-0?). (11)

} As w > o, Equation (10) shows that the absorption is small and

: Equation (11) reduces to

3 Bl LU B >

3 % ng 1 = Ne“/m €y Wy s (12)

; which has been used tc calculate accurate values of the long wave-
- ? length 1imit of the refractive index in several semiconductor

3 materials. In polar semiconductors, such as the II-VI and III-V

: compounds, there are actually two very strong absorption bands

s which characterize the intrinsic absorption spectrum: one which

2 occurs at the absorption edge (bandgap) and another (the lattice

L absorption band) which occurs in the longwave (infrared) region.

The simple, single-oscillator, classical model of dielectric dis-
persion does not account for the two absorption bands simultaneously,
nor does it account for other weaker optical transitions (electronic
and lattice mode) which characterize the semiconductor and which
alter the dispersion relations and hence the absorption spectrum.
Nevertheless, the simple oscillator model provides some useful
insights regarding the physics of optical dispersion produced by

the polarization of moving charges in a semiconductor medium.

The more exact quantum mechanical treatment of dispersion
considers the interaction of the radiation field with atomic and
molecular states, and yields expressions which are very similar
to the classical result, except that they contain a sum of terms
like those on the right-hand side of Equations (9) and (0).
These terms represent a set of linear oscillators each of which
has a resonance frequency corresponding to allowed transition.
Thus, in the quantum mechanical result, Equation (10) becomes

(Negfi/m*eo) (mi2-w2) (13}

Tou23e & weYiz

2nk = L

(wy

19
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The magnitude of the contribution of each oscillator to the
optical constants is determined by the oscillator strength fi
of each transition.

If 2nk, the imaginary part of the dielectric function, is
known as a function of w over a wide range of frequency, for all
of the quantized oscillators which contribute to the absorption
processes in a given semiconductor material (electronic band-to-
band transitions plus lattice mode contributions), then we may
plot a curve of 2nk vs. w, the peaks of which correspond to
absorption maxima in the spectrum of the material. The absorption
of a dielectric medium is always determined by the imaginary part
of its frequency-dependent dielectric function. B8, the absorption
coefficient of an optically transparent medium, is defined by the
condition that the energy in the incident wave fall to 1/e of its
initial value in a distance 1/8, and is given by

B = 2wk/c = 41k/2. (14)

B is commonly expressed in units of cml. If n is known as a
function of frequency, we can, in principle, calculate k as a
function of frequency from Equation (13) and hence, from Equation
(14), the absorption coefficient as a function of frequency which
corresponds to the absorption spectrum of the semiconductor.

From energy band calculations performed in ARL's Solid State Theory
Group, the excitation energies and the imaginary parts of the di-
electric functicns have been determined for a number of II-VI and
IITI-V semiconductors and the calculated absorption has been in

very good agreement with the optically measured values.

We turn now to a consideration of the optical transmission
and reflection properties of semiconductors. Thelr spectral
transmission characteristics make semiconductor materials very
useful for many optical applications, such as windows, lenses
and band-pass filters of varying refractive index, dispersion
and reflectivity. In the broad spectral region between the rest-
strahlen absorption band, semiconductors are characterized by a
relatively high optical transmission, and the same is also true
of highly ionic dielectric materials. We have made use of this 3
property in our studies of high power infrared laser windows
materials, in which we have measured and studied the transmission
properties of CdTc, CdSe and ZuSe at a wavelength of 10.6um,
radiated by high power CO, lasers. When grown to high crystal
quality and low impurity goncentrations, these materials have
very good spectral transmission at wavelengths between their band-
gaps and about 30um, where the lattice absorption bands begin,
and are characterized by extremely low absorption coefficients
at 10.6um, as indicated in Section V.

In the absence of Fresnel reflection losses, the atten-
uation of optical transmission through material media can be
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expressed in terms of the definition of absorption coefficient
given in Equation (14). The attenuation is given by

I/Io = exp (-gd), (15)

where I is the transmitted and I_ the incident intensity or power,
B is the absorption coefficient,®d is the thickness of the mater-
ial, and it is understood that I/I_ is the attenuation at a par-
ticular frequency, since B varies fith frequency. However, the
transmission of electromagnetic radiation through dielectric
materials always suffers reflection losses at the interfaces,
and these losses are determined by the refractive index and the
conductivity of the material. For electromagnetic waves reflected
from a dielectric, we may write

T+ R;2 e 1¢=R% (cos¢ - i sing) (16)
for the complex amplitude of reflection at the surface, where R
is the power reflection coefficient, or reflectivity, and ¢ is
the phase angle. At normal incidence (in air), the complex
amplitude of reflection at the interface of a dielectric is given

by

N-1
N+1 (17)
which, on substituting the complex refractive index from Equation
(5), becomes

n-i k-1
n-1 k+1

Tr =

(18)

and, since the reflected intensity (reflectivity) is given by the
square of the amplitude, we may further write

Row Faedok1 | >
n-1i k+1 s (19)

which, when rationalized, becomes

R = {n-l%% + k2
n+l F ok
For pure dielectrices and most wide bandgap semiconductors, we
may assume that k makes a negligible contribution to the reflec-
tivity in a spectral region of high tramsmission. Hence we may
rewrite Equation (20) as
2

! (20)

R = n-1
n+l

(21)

n-1 l
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2Zquations (19) and (20) relate the optical constants n and k to

the reflectivity, R, which can be determined from spectral re-
flectivity measurements. The reflectivity varies as a function

of frequency and R (w) will rise abruptly through a maximum and
then fall through a minimum in the neighborhood of an absorption
band. If R is known as function of frequency (from spectral mea-
surements), then n and k and hence 2nk can be calculated as a
function of frequency. And, of course, from 2nk vs. w, the ab-
sorption spectrum of the semiconductor can be determined. Semi-
conductor reflection spectra have often been used in the present
work to determine the positions (frequencies) of absorption bands
in highly absorbing spectral regions where the transmission was
almost totally attenuated, at the absorption edge, e.g., and this
will be discussed further in Section III-4b, below. Equation (21)
can be used to calculate the nearly constant background reflectivity
in a region of high transmission, if n is known from an independent
measurement. R can also be determined directly from spectral re-
flectivity measurements. This has been done for a number of the
II-VI compounds in the present work and there is goocd agreement
between calculated and experimental values of R, when proper account
is taken of the rapidly attenuated, multiple internal reflections
which occur in dielectric layers. It is usually sufficient to con-
sider only two reflections in the calculated values.

A useful expression for the optical transmission of absorbing
media can be derived from dielectric multi-layer theory. Consider
a plane-parallel dielectric plate of thickness d. In the absence
of interference fringes, it is easy to show that the average,
normal-incidence transmission of this plate is given by

2
Tav. (w) = (1-1;) exp E-B(w)d] (22)
1-R“ exp [-28(w) i]

In a region of high transmission, R is usually small and does not
vary much with frequency, particularly in the highly ionic dielec-
trics and in wide bandgap semiconductors. Hence we may assume
that

exp (2Bd) >> Rz,

even when B and d are relatively small. In this approximation,
we may rewrite Equation (22) as

Tav. (w) = (1-R)2 exp [-B(w)d] (23)

From their experimentally measured transmission spectra, semi-
conductor absorption coefficients can be calculated as a function
of frequency from Equations (22) or (23). While Equation (22)
provides reasonably accurate values of absorption coefficients

at moderate absorption levels, it can not be used to calculate
absorption coefficients when the absorption losses are extremely
small, owing to the difficulty in making accurate transmission

22
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| measurements at extremely low absorption levels. In the case

1 of the infrared laser window specimens, for example, their low
absorption coefficients were measured calorimetrically. This

was achieved by pulsing the specimens with a laser beam of known

frequency and power and then measuring the small temperature

: ) rise in the specimen due to the heat absorbed from the beam.

b ‘ From the temperature rise and the measured power of the laser

3 i pulse, together with known values of the specimen's mass, length

2 and refractive index, it was posslble to calculate the absorption

coefficients,of laser window specimens, which fall in the range

of 0.001 cm and below.

The dispersion of free carriers also contributes to the
background absorption of semiconductors. Metallic or free
carrier absorption arises from the motion of free electrons (or
holes) in the semiconducting medium. Of course, perfectly free
electrons moving in the perfectly periodic field of a crystal
lattice do not absorb radiation. Free carrier absorption arises
from the fact that there is scattering of the carriers as they
move in the energy bands of the lattice. And there are several
mechanisms by means of which the charge carriers can be scattered
i in polar semiconductors, such as ionized impurity, acoustic mode,

polar mode and piezoelectric scattering. As in the case of bound
electrons (Equation (2)), the dispersion of free electrons can

, also be treated classically. Equation (2) becomes the equation
e £ of mgtion for free electrons when we set the restoring force,
b m*wo X, equal to zero. Thus, for the case of free electrons,

E the dispersion relations of Equations (9) and (10) become
. 5 ¥
2 n? - k2 = 1 - (NeP/m*e )/ (w® + ¥°) (24) ‘
= and

4 g - 2 2

: 2nkw = (yYNe“/m*e )/ (w® + ¥7), (25)

. 3

ﬁiy since g 0. At small absorption (n2 >> k2) and at frequencies

) high compared to the collision frequency (w”~ >>Yy°), Equation (24)

f”} reduces to

3

¢ n2 =1 - Ne2/m*eow2. (26)

. ? From the definition of absorption coefficient given in Equation 3
. ¥ (14), we can then write

,’ 5

¥ B = 2% - y Ne?/m#u®e  ne (27) a_
4 ":' g ‘i
e - Changing from frequency to wavelength and putting Equation (27) ’
s in terms of the carrier mobility (y = 1/t; t = um*/e), we obtain _
N

# a3 3

s - [ ] ) (28) t
:t,v_ 4rc ne m*y
o h
b 23 &
E 13 %
,;,"“ }
‘1, AR R R 3 4
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which is equivalent to the classical Drude expression for the
free carrier absorption of a single type of carrier. Equation
(28) shows that the free carrier absorption increases with in-
creasing carrier concentration; it also increases with the
square of the wavelength and becomes strong in the longwave
infrared region. In fact, at high carrier concentrations, the
far-infrared free carrier absorption can become strong enough
to block the transmission of very thin semiconductor specimens.
This is particularly true of the narrow bandgap materials. In
infrared laser window materials, free carrier absorption can be
a problem if the carrier concentration is not extremely low at
room temperature.

Experimental values of the II-VI compound dielectric data
are presented in Table II. The static dielectric constants, e¢_,
have been determined mostly by Berlincourt and coworkers and °
were calculated from the experimentally measured values of the
elastic constants. They have also been measured electrically.
The high frequency dielectric constants have been determined
mostly from efper1mentally measured values of the refractive
index (e_ = Most of the refractive indices have been mea-
sured e1ther refractlvely or interferometrically in single crys- :
tal specimens. 4

b. Absorption and Reflection at the Bandgap

Although the simple disperison model provides a conceptually 3
useful picture of the disperison and absorption processes in semi- g
conducting dielectrics, we cannot expect the single bound oscillator 5

to predict the detailed spectral features of intrinsic absorption 3
in real semiconductors. In practice, we must invoke the energy
band model whose quantized energy bands (and States) are the prop- ;
erty of the periodic crystalline lattice. We must then censider |3
the many allowed coptical transitions which occur between these
cnergy bands, in order to accurately describe the dispersion and
absorption of quantized radiation in the semiconductor. And, of
course, these quantized optical transitions are determined by the
energy band symmetries, as well as momentum and polarization se-
lection rules. The spectral absorption edge is one of the most
unique and striking features of semiconductor materials. In each
material, it falls at a different spectral position (wavelength)
and provides not only a measurement of the separation of conduction ‘
and valence band edges (and hence the bandgap), but also a means of |
classifying and predicting many of the optical, thermal and elec- '
trical transport properties of semiconductors. Absorption and re-
flection measurements of the optical transitions in the spectral
region of the bandgap yield a wealth of information regarding the
intrinsic energy band structure, particularly the intrinsic exciton
structure, since it is in this spectral region that the intrinsic |
5 exciton transitions are observed. The optical transitions of
shallow donor and acceptor impurities also fall in this spectral
region and much can be learned about impurities and defects from

o il
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such spectral measurements, particularly when performed as a
function temperature and in the presence of perturbing electric
and magnetic fields.

In many of the wide bandgap II-VI compounds, which crys-
tallize in the zincblende structure, such as ZnSe, ZnTe and
CdTe, the conduction and valence bands are simple and parabolic
near the center of the zone (near k = 0). In this approximation,
we may write for the conduction and valence band energies

e ng and E_ = - 252
Zm¥* v 2m¥
e h
which yield
2
w=E -E =E, + k (29)
(o \'4 G o

for the energy of the optical transition between conduction and
valency band states. Solving the interaction Hamiltonian for the
Bloch wave states in these bands, we obtain an expression for the
absorption in terms of the momentum matrix element of the inter-
action, Pev, and the joint density of states of the bands, which
when substituted in Eqaution (29) yields an expression for the
absorption coefficient of the interband transitions

1

i 2at 5
(20)3/2( u-y)%/2,2 3

B (30)

Pev

Y

nmzc( w)

is the photon energy of the transition

is the refractive index

is ths po%arizgtion unit vector and

= mg mn/(me + mn).

For transitions allowed to first order, the momentum matrix ele-
ment Pev is a slowly varying function of energy. Equation (30)
is strictly valid over a small range of k, near k = 0 ( « “E,).

When B is plotted as a function of ( w-E,)/E,, the absorptioﬁ

rises very steeply and saturates into thé continuum of band states,
thus defining the absorption edge of the semiconductor. The
quantum mechanical model provides a more accurate description of
the shape of the absorption edge than does the classical oscillator.
Spectral measurements have been made of the absorption edge over a
wide range of temperatures in most of the II-VI compounds in order
to optically characterize the band parameters in these materials.

el S E

As the photon energy, w, rises above the bandgap, there is
a rapid attenuation of the transmission given by Equation (22) due
to the strong continuum absorption of the quantum states in the
valence and conduction bands. In order to study the optical
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transitions between these higher conduction and valence band

states, 1t 1s necessary to employ reflection spectroscopy. This
technique also provides details of the exciton spectra not ob-
served in absorption (transmission) spectra. In analyzing the
reflectivity, R(w), we find that there are anomalicz in the re-
flection spectrum (maxima and minima) which correspond to the
frequencies of optical transitions in the semiconductor. These
anomalies are produced by the dispersion of the optical constants.
Through various spectral weighting techniques, such as Kramers-
Kronig analysis, it is possible to calculate values of the ab-
sorption coefficient for specific optical transitions from quanti-
tative spectral measurements of the reflectivity. This is possible
because of the analytical relation which exists between the re-
flectivity, R(w), and the optical constants, n(w) and k(w), defined
for example, for the bound oscillator in Equations (9) and (10),

and is done in the following way: the phase angle between the
incident and reflected radiation waves 1s related to the reflectivity
and defined by Equation (16); it is also related to the reflectivity
by one of the Kramers-Kronig relations

(sp) = wp_ !° log R(wp)/log R (w) duw (31)

n R

where yp is a glven frequency point on the reflectivity curve,
over which the integral is to be evaluated fromw = 0 to W »e,
Equating real and imaginary parts of Equations (16) and (18),

we obtain expressions for the optical constants, n and k, in terms
of R(w) and ¢ (w),

k(o) = __2RY2 sin ¢ (32)
1+ R - 2812 gos
3~ A
n(w) =
w 14R« k7" cos¢ (33)

Equation (31) is summed numerically to obtain values of ¢(wp) at
each frequency point of the experimentally measured reflectivity,
R(w). From Equations (32) and (33) and the known values of R(w)
and (w), we can calculate the imaginary part of the dielectric
function (2nk) as a function of frequency (w). From Equation (14),
and the known values of n and k, we can also calculate the absorp-
tion coefficient (g) as a function of frequency (w). In this way
the absorption spectrum of the semiconductor can be calculated

from its reflection spectrum, and hence the resonant frequencies
(energies) of the optical absorption transitions. In the present
work, this technique was employed to analyze the vacuum ultraviolet
reflection spectra of II-VI semiconductors in order to determine
the transition energies between the higher conduction and valence
bands, such as those at ther, X, L and M symmetry point in ZnO
and CdSe wurtzite structures.
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c. Reststrahlen Absorption

The spectral transmission of semiconducting dielectric
materials is bounded in the short wavelength region by the bandgap
(ultraviolet to near infrared) and in the long wavelength region
by the broad reststrahlen absorption bands, which range from
about 25 pym in ZnO, out to 70 um in CdTe. The longwave absorption
bands arise from the lattice vibrations, mainly the optical modes.
Only the transverse optical modes are infrared allowed in the
symmetries of the zinc blends and wurtzite II-VI compounds. The
longitudinal optical modes are not observed in infrared absorption,
but, knowing the static and high frequency dielectric constants,
€g and ¢_, they can be calculated from the relation

“To =f ¢ &
LO eg y (34)

The strong 1O mode absorption band is very broad, even at low
temperature, where the optical mode lattice vibration bands sharpen
markedly and most of the acoustic mode structure disappears. Con-
sequently, it is difficult to determine the center frequency of
the broad TO phonon band from infrared absorption spectra. In
practice, the lattice vibrational absorption bands are determined
from infrared reflection spectra, in which the absorptions give
rise to relatively sharp maxima and minima. The absorption fre-
quencies are then determined by Kramers-Kronig analysis, as des-
cribed above, or by fitting a classical oscillator to the reflec-
tivity spectrum. Combination bands of the optical and acoustic
vibrational modes, such as 2TO, LO + To, LO + TA, and TO + LA, are
also observed in the infrared reflection and absorption spectra.
The characteristic LO and TO phonon frequencies of the II-VI
compounds, mostly determined from infrared spectral measurements,
are presented in Table III.

In recent years, Raman scattering of laser light from phonon
states has been increasingly employed as a technique for the study
and measurements of phonon dispersion in semiconductors. In stokes
scattering, the incident laser photons lose an energy equal to that
of the phonons through preferential, in elastic scattering from
phonon states. Spectral analysis of the Raman scattered radiation
reveals sharp peaks at photon energies below that of the pump laser,
and their spectral separations from the laser peak correspond to
the phonon energies. Not all of the phonon modes are Raman active,
but the frequencies of those which are observed can be determined
very precisely. Raman spectroscopy has been employed in the present
work to study the phonon frequencies of CdTe and CdS.

A novel technique, which makes use of the large electron-
phonon coupling to impurity states in polar semiconductors, has
also been employed in the study of phonon dispersion in CdS and
ZnO. In this technique, the experimental data are obtained from
photoluminescence spectroscopy of bound exciton eomplexes, which
will be discussed further in Sections III-5 and III-6. Because
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g of the electron-phonon coupling, the bound exciton emission lines
are accompanied by a series of sharp phonon-assisted emission

lines (phonon replicas) which arise from coupling to the optical
mode phonon states (mostly LO modes). These sharp lines, which

are equally spaced and separated by the phonon energy, provide
accurate experimental values of the phonon frequencies. Using

the experimental phonon frequencies, in conjunction with a mixed-
bonding lattice band model, the dispersion curves for the phonon
states of CdS and ZnO have been calculated for all of the principal
zone-center and zone-boundary symmetry points (I', A, and K).

These dispersion curves provide accurate values of the phonon

k. frequencies in these two materials, a few of which are presented

s ¢ in Table IV.

s VT
7 £ o) % %
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) 5. IMPURITY SPECTROSCOPY

a. Photoluminescence Spectra

. Photoluminescence i1s the optically-excited radiation which is
emitted by crystalline solids. In semiconductors, it is largely
an extrinsic phenomenon, since most of the emitted radiation

arises from the radiative recombination of charge carriers (holes
or electrons) bound to impurities and defects (donors and acceptors),
and falls at photon energies below the intrinsic absorption edge

| defined by the bandgap, which is the extrinsic spectral region.

' The recombination radiation which is observed in the extrinsic

s spectral region can arise from free-to-bound, as well as bound-to-

bound, optical transitions. There are several possibilities of

extrinsic recombination: 1) free electrons with bound holes;

E . 2) free holes with bound electrons; 3) bound electrons with bound

E holes; and 4) the recombination of bound exciton complexes. The

L recombination of intrinsic carriers (free holes and electrons)

4 is also possible, but the capture cross-sections and hence the

transition probabilities for such processes are very small;

similarly, the recombination of free excitons is also possible and
has been observed, but the recombination radiation is very weak.

Consequently, these intrinsic processes contribute very little to

the total intensity of an extrinsic photoluminescence spectrum.

In the II-VI compounds, most of the extrinsic photoluminescence

is observed in a narrow spectral region close to the intrinsic

absorption edge and is called edge-emission. In this report, we

have used the terms photoluminescence, edge-emission and emission
synonymously. Spectral analysis reveals that the edge-emission
comprises a sharp series of emission lines very close to the
absorption edge and a series of broader, phonon-assisted emission
peaks at somewhat lower energies.

g | 28
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Intense photoluminescence is observed in many polar semi-
conductors at low temperatures. When spectrally analyzed, this in-
tense photoluminescence provides a rich source of experimental
data concerning the electronic states of impurities and defects in
such semiconductors, particularly in the II-VI compounds, such as
CdS, CdSe, CdTe, ZnO and InS, where the intrinsic band structure and
the exciton properties are now well understood. The many sharp
lines which appear in such spectra, particularly those of bound
excitons, provide a "finger print'" of the impurities and defects
which are present in the semiconductor lattice.

In the early work of this task, the research effort was
concentrated on spectral characterization studies of the photo-
luminescence and on identifying the trapping centers which gave
rise to the broad emission, irom which a consistent edge-emission-
model was established for CdS; later, the effort shifted to intensive
studies of the sharp-line emission, aimed at identifying the bound
exciton impurity transitions and at achieving a better understanding
of the residual impurity and defect structure in the II-VI compounds.
From studies of the sharp spectral emission lines and their magnetic-
field-splittings, it is possible to differentiate between neutral
and ionized donor and acceptor impurities. In conjunction with
systematic impurity doping experiments, specific donor and acceptor
impurities have been identified from the spectra of CdS and CdSe
platelet crystals. The magneto-optics of bound-exciton impurities
(complexes) will be discussed further in Section IV.

One of the most striking features in the photoluminescence
spectra of the II-VI compounds is the phonon-assisted edge-emission,
which appears as a series of equally-spaced emission peaks, separated
by the LO phonon energy, whose intensities fall with increasing
wavelength. As many as seven of these peaks are absorbed in CdS.

The phonon-assisted emission is very intense in the highly polar
II-VI compounds, such as CdS, ZnO, ZnS and ZnSe, and arises from

the coupling of the electronic impurity states to the phonon states
of the lattice. Most of the II-VI compounds have a large electron-
phonon (polaron) coupling constant. In these materials, phonon-
assisted transitions are observed from the radiative recombination

of bound impurities and from the radiative collapse of bound exciton
complexes. The phonon-assisted emission lines arising from the
latter are very sharp and narrow and their separations provide an
accurate measurement of the optical mode phonon frequencies which are
in good agreement with those determined by other methods. The phonon
frequencies of CdS and ZnO have been measured from such spectra and
are much more precise than the values determined from infrared re-
flectivity measurements at the reststrahlen absorption band.
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As noted above, the recombination of free excitons is also
possible. Such recombination radiation has been observed in the
extrinsic photoluminescence spectra of high-equality CdS platelets,
including transitions from the ground and excited configurations
of the free exciton. From these spectral data, the intrinsic exciton
structure of CdS has been very precisely determined.

b. Pair Spectra

Not all of the sharp-line emission observed in the photo-
luminescence spectra of CdS arises from the radiative recombination
of bound exciton complexes. Many of these sharp lines, which
appear between the broad-green, phono-assisted emission peaks
and the absorption edge, have been identified as the recombination
radiation of donor acceptor pairs. As noted above, the broad-green,
phonon-assisted peaks arise from the recombination of free and
bound carriers at simple bound impurity centers. In the Reynolds
edge-emission-model, there are two principal_series of broad
phonon-assisted peaks, one beginning at 51308 (recombination of
free electrons with the trapped holes of the acceptor center).
Actually, there is another series of broad emission peaks, beginning
at 5163A, which is associated with the 5179§ series, and which is
also interpreted as bound-to-bound recombination radiation. The
donor acceptor pair emission lines arise from the bound-to-bound
recombination of preferential pairs of donor and acceptor centers
which are located on widely separated lattice sites. For example,
first and second nearest neighbor pairs, as well as other distant
pairs can exist, and the recombination for each discrete separation
gives rise to emission at a discrete photon energy. The photon
energies of the pair lines are, in general, given by

E = Egap - (ED + EA) - ez/esr, (35)

where Egap is the bandgap energy, E, and E, are the donor and
acceptor binding energies, and r is the separation of the donor

and acceptor centers of each pair. The donor-acceptor pair lines
appear as a series of sharp spectral lines which can verge in the
limit (r + O) to the broad-green, phonon-assisted bands in CdS, as
indicated in the above expression. In the present work, a CdS donor-
acceptor pair series which converges to the 51638 series of broad-

green, phonon-assisted peaks has been identified. Other donor-acceptor

pair spectra have been observed in GaP and CdS by the Bell Telephone
Laboratory group.

c. Far Infrared Impurity Absorption

We have indicated above how bandgap photoluminescence and
absorption spectroscopy has been employed in the analysis of defects
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and impurities in the II-VI compounds. As noted in the Introduction
(Section 1), far infrared absorption spectroscopy offers an alternative
technique for the detection and study of foreign impurities and
defects in semiconductors. Most of the shallow donor and acceptor
activation energies in the II-VI and III-V semiconducfors lie in an
energy range between about 50 and 3meV (400 to 24 cm ), which
corresponds to an infrared wavelength range of approximately 25

to 500 ym. These wavelengths are easily within the operating range
of conventional Fourier Transform Spectrometers (Michaelson
Interferometric Spectrometers). Fourier transform absorption
spectroscopy has been employed in the present research effort to
study the shallow hydrogenic donor transitions in high mobility CdTe
and InAs specimens at cryogenic temperatures. The 1S » 2P and

15 + 3P hydrogenic impurity transitions have been observed and
studied in these materials. In the hydrogenic, effective mass
approximation, the hydrogenic infrared spectrum of a shallow donor
impurity is given by

E; = R(m*/mo) (1/:2%) T O W (36)

and its binding energy is given by

Ep = R* - R(mo*/mo) 1/582) STy (37)

where R* is the effective Rydberg, R is the hydrogenic Rydberg
(13.6eV), m* is the electron effective mass (equal to the free
electron mass for shallow donors), mo is the rest mass of the
electron, and s is the static dielectric constant. In CdTe and
InAs, the donor binding energies obtained from fitting the hydrogenic
formula to the observed spectra were in good agreement with those
calculated from the above expressions and with those obtained by
other methods.

6. Exciton Structure
a. Intrinsic or Free Excitons

In Section III-4, we have indicated how the bandgap of a
semiconductor can be determined from absorption and reflection spectra
by directly measuring the spectral position (energy) of the absorption
edge, a procedure which usually yields valid results at room temperature.
At very low temperatures, however, the bandgap is not precisely defined
by such measurements. Under optical excitation at low temperature,
intrinsic exciton formation occurs in most semiconductors, and this
tends to complicate the absorption spectrum, since the ground and
excited states of the exciton lie just below the conduction band edge.

S
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4 1 Moreover, when excitons are formed K direct (or indirect) optical
transitions are not observed between conduction and valence

band edges; such transitions occur instead between the valence

band maximum and the ground and excited states of the exciton.

Hence, the exciton structure must first be determined in order

to determine the bandgap energy. The exciton binding energy can

be determined from spectral analysis of its hydrogenic ground and
excited state transitions. Thus, precise bandgap energies can be
determined by adding the exciton binding energy to the experimentally
measured photon energy of the ground state transition.

The intrinsic exciton is a hydrogenically bound hole-electron
pair, whose hole derived from the valence band and whose electron
derives from the conduction band. The intrinsic exciton is also said
4 to be a free quasiparticle, since its hole and electron belong to
‘i3 the valence and conduction band states, respectively; in short,

- it is a normal mode of the crystal, created by an optical excitation
wave, and its wave functions are analogous to those of the block wave
states of free electrons and holes. In emission spectra, the free

. exciton states are observed as the radiative recombination of electron-

. / hole pairs. Both direct and indirect exciton formation occurs in

semiconductors, depending on the band structure. The former is
characteristic of the II-VI compounds and the latter of Ge and Si.

For indirect optical transitions (exciton or band-to-band), momentum

is conserved by the emission or absorption of phonons. We will confine
our attention here to the simpler direct exciton model which characterizes
the II-VI compounds.

1 In center of mass coordinates, the free exciton wave functions
can be written in the form

§x, nev 3R Byniny, L., (38)
fq}4 where V is the crystal vclume, K is the exciton center of mass wave
e 4 vector, and R is the center of mass coordinate given by

<3 d -

} - * + * / L *) - - i o &e

s R (mere mnrn)/ (me mn), r ry h (39)
‘j{ The plane wave part of this wave function reflects the free-particle

motion of the center of mass, while yn(r), the periodic part of the
: block wave describes the quantum states of the internal motion.
& yn(r) satisfies the Schrodinger equation

§ 2 -
;_% \ [(_hZ/zu) vr2 e/ s£] yn(r) = En yn(r), . . . (40)
=, : where M is the exciton reduced mass given by u = m* m_/(m* + m¥*).

O In formulating the exciton Hamiltonian, we have as8um8a sfmple
spherical energy bands, such as those of the Zincblende cubic
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structure near K = 0. We have also assumed only K = 0

direct excitons. Except for parametric differences in effective
mass and Bohr radius, we recognize the the wave functions, yn(r),
are identical to those of atomic hydrogen. The solutions of the
Schrodinger equation yiela the discrete energy eigenvalues (internal
states) of the exciton and are given by

En = pe’ G2 ) ¥ 8L 02,08, 0 (41)
zﬁz 2
€ s
The exciton binding energy is given by
E = pet = R(u/mo) (1/€.%) = R* (42)
ex.B ;Ef 2 s ex
€Es

where R*_ is the effective Rydberg, R is the hydrogenic Rydberg
(13.6eV)y, u is the effective reduced mass of the exciton, and s
is the static dielectric constant. Thus the allowed exciton
transitions occur as sharp lines in a hydrogen-like spectrum which
coverges to the conduction band continuum. The exciton spectrum

is given by

2
Eox'n Egap - R;x (17 - ) [ (43)

Usually only the first few lines of the spectrum are obs§rved, since
the intensity of the exciton transitions fall off as 1/n~. 1In thQ gase
of K+ 0 excitons (e.g., indirect excitons), an additional term, h"K™ /
(m* # m*), must be added to the above equation. This term accounts

fof then§ ~ dependent Kinetic energy of the exciton and describes

the exciton continuumwhich is associated with each of the discrete

hydrogenic states.

The intrinsic exciton also reflects the anisotropy and symmetry
of the valence and conduction bands from which it is formed, as noted
in Section III-3. 1In the Wurtzlite-structured II-VI compounds, for
example, there is a large anisotropy in valence band effective masses
(depending upon which direction is chosen in K-space, Kz or Kx, Ky),
but the conduction band masses are very nearly isotropic. Thus,
when excitons are formed from the bands of the Wurtzite structure,
there is an anisotropy in the exciton parameters, due to the anistropic
valence band masses and the anisotropic dielectric constant. We can
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write the total Hamiltonian for such anisotropic excitons exactly,
but the wave equation does not have analytic (closed-form) solutions.
- However, when certain simplifying assumptions are made, it is possible
: to obtain approximate solutions to the anisotropic Hamiltonian, which
: are in very good agreement with experiment, as Thomas and Hopfield
have shown for CdS, and as Wheeler and Dimmock have shown for CdSe.
In general, a variational approach is used for such calculations, but
it is also possible to use perturbation theory when the anisotropy

is not too large. In the present work, we have used the approximate
theoretical results in our analyses of intrinsic exciton structure

in the II-VI compounds, and have obtained very good agreement with
the experimental spectra in most cases.

1
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Symmetry also plays an important role in identifying and
characterizing the intrinsic exciton transitions. For example, the
hydrogenic states of the intrinsic exciton will reflect the symmetrics
of the bands form which its hole and electron derive, as noted in
Section III-3. 1In the case of the Wurtzite band structure, the
4 / conduction band is of Y. symmetry, while the top valence band (a-band)

is of Y, symmetry and tKe second valence band (B-band) is of 7
{ synmetrg The irreducible representations (symmetries) of the’exciton
states are given by the cross-product of the exciton representation
£ ) and those of the two bands from which the exciton derives. Thus,
: the irreducible representations of the A-exciton ground state are
given by ¥ v Electric dipole transitions are
allowed fo} excgton Ztateg congaining V. symmetry when the radiation
is polarized with EIC, and are allowed éor exciton states containing
V. symmetry when the radiation is polarized with E11C. From this.wc
note that the A-exciton ground state transition is allowed for E | c
polarization, since the ground state contains the v representation.
Similarly, the 1rreduc1b1e representatlons of the B=exciton ground
state are given by, v v which shows that the
B-exciton ground staté traK51t1$n is allowgd for both Ellc and E| c
golarlzatlons, since the ground state contains both the V. and the
representations. Thus, we see that the optical polarliatlon
sglection rules for the ground states of the A- and B-band excitons
in the Wurtzite structure are the same as those of the corresponding
interband transitions discussed in Section III-3.
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The intrinsic exciton properties of the wide bandgap II-VI

;*ﬂ% compounds are now very well understocd, after some ten years of
y . W extensive research on the optical properties of these materials. Some
§Z of the more important intrinsic exciton parameters of the II-VI compounds
;;;;' are summarized in Table V.
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6. Bound Excitons

Bound exciton complexes or impurity excitons are also formed
in the II-VI compounds and are an extrinsic property of these
materials. Bound exciton transitions give rise to sharp spectral
lines in the intrinsic spectral region of these materials and
are observed in both photoluminescence and absorption. A bound
exciton complex is formed by binding a free exciton toc a chemical
impurity atom (ion) or a host lattice defect. The binding of the
exciton to the impurity or defect is relatively weak in comparison
: to the exciton's binding energy; the resulting complex is molecular-

1 B like (analogous to the hydrogen molecule or molecule-ion) and bound

& 1 excitons have many spectral properties which are analogous to those

of simple diatomic molecules. The photon energies of the bound
exciton transitions are always slightly below those of the corre-
sponding free exciton transitions, due to the molecular binding.

¢ In semiconductors, the chemical centers to which the free excitons

4 are bound can be either neutral donor and acceptor centers, or ionized
§ donor and acceptor centers. Examples of the bound exciton complex
model are given below in illustrations (a) and (b):

% @ B upper state @ I—
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‘1 @ - lower state @ +

(b)

Exciton Bound to Exciton Bound to
Neutral Donor Neutral Acceptor

. 5 In the upper state of the neutral donor complex (a), the electron
~ 4 H spins of the donor and the exciton pair and this state is characterized

1 by the unpaired hole spin; the lower state of this complex is

characterized by a single bound electron with unpaired spin. The

g converse is true for the upper and lower states of the neutral

acceptor complex shown in (b). The upper state of (a), for example,

' is created by optical excitation of free excitons which then bind

; to the donor center. As the free exciton collapses in a radiative

A recombination transition, the donor returns to the lower state. Similar

i models also exist for the case of an exciton bound to an ionized donor

and for the case of an exciton bound to an ionized acceptor, except that

their upper and lower states will be different from those of (a) and

(b), under the perturbing influence of an externally applied magnetic

field and when examined as a function of temperature.
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The sharp spectral lines of bound exciton complexes are
also very strong (large oscillator strength). The strengths of
these lines will, in general, depend upon the concentrations of
impurities and defects present in the semiconductor lattice,
but, in practice, they usually appear stronger in emission spectra
then do the intrinsic exciton peaks. They are also very narrow
with half-widths at least an order of magnitude less than those
of the intrinsic exciton peaks, indicating a relatively long
lifetime for the exciton complex state. In magnetic fields, bound
complexes also have very unique Zeeman spectral characteristics,
from which it is possible to identify the types of electronic
impurities to which the free excitons are bound. Bound exciton
spectroscopy is, in general, a very powerful analytical tool for
the study and identification of impurities and defects in semi-
conductors, and has been used extensively for this purpose in the
present studies of the Wurtzite structured II-VI compounds.

7. Electron~Phonon Interaction

Most of the wide bandgap II-VI compounds are highly polar
semiconducting materials. This interaction gives rise to some very
interesting phenomena in the II-VI semiconductors, such as the
intense phonon-assisted edge-emission peaks in CdS; it also causes
perturbations on the ground state energies of excitons and hydro-
genically bound donor electrons, as well as frequency dependent
changes in electron effective mass, all of which can become
appreciable in the presence of externally applied magnetic and
electric fields. All of these perturbations depend on the strength
of the electron-phonon interaction which is determined by the energy
band, lattice and dielectric parameters of a particular material. The
electron-phonon interaction in polar semiconductors is essentially an
induced-polarization phenomenon which is caused by the motion of an
electron through the polarization field of the lattice ions. When a
free conduction electron is set in motion, either thermally, or by
externally applied electric and magnetic fields, there is an induced
polarization field which couples to the lattice polarization field
(phonon field). The induced polarization field (dipolar field) is
equivalent to an electron-phonon scattering interaction and follows
the electron as a polarization wave in its motion through the lattice.
This polarization wave has the manifestations of mass and size and
is thus a quasiparticle called the polaron; it also "dresses" the mass
of the moving particle and, in effect, causes an increase in the
electron effective masses in polar semiconductors.

The quantized Frohlich Hamiltonian, which describes the energy
of a free electron moving in the periodic potential of a polar crystal
lattice and coupled to the lattice through the induced polarization
field (dipolar field), can be written as
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2 ;
+ ) *
H= EMu. (b, +b +1/2) + B~ 4+ (b ee*2'E 4
Log g /) (qqe

i m* g (44)

+ + -ig°r

BPhe %=

g )
where, Dg' the electron-phonon interaction coefficient, is given by
D = -i 1/4
- “10 ( A ) ( 4n0 : i SR (45)
q 2m*wLO A

and ®, the dimensionless Frohlich polaron coupling constant is
defined by

2 (1 -1 : e 1/2

&oo GS 2w

a ~_€

SRS (46)
Lo

The other parameters, w.., m*, V, €oo and € are, respectively,

the LO phonon frequency, the bare band elecBron effective mass,

the crystal volume, and the high frequency and static dielectric
constants. The first term of the Hamiltonian is the energy of the
phonon field alone, the second is the kinetic energy of the electron
and the third represents the quantized electron-phonon interaction,
H., in terms of the electron position vector, r, and the phonon
wsve vector, g,

where,

b+ and b_ are, respectively, phonon creation and annihilation
opgrationg which raise and lower the phonon quantum numbers

by unity. b _corresponds to the scattering of a free electron
from a statedof wave vector K to K + g, in which momentum is
conserved by destroying a phonon of wave vector g; conversely,
b+ _corresponds to free electron scattering from K to K - g

wi the creation of a phonon of wave vector g.

As the above expressions indicate, the electron is coupled to the one-
phonon states of the LO mode phonons of the lattice, and the strength
of the electron-phonon interaction in a given material is determined
by a, which can be calculated from the above formula. Bound electrons
are also characterized by electron-phonon interaction in polar semi-
conductors, and the interaction Hamiltonian, H_, is of the same form
as that given above. It is this interaction wﬁich gives rise to the
phonon-assisted edge-emission lines in the II-VI compounds, as well

as other very striking extrinsic phenomena, such as the localization
of phonon states at impurity sites. We give below two examples which
have been observed in the present work on CdS bound exciton photo-
luminescence spectroscopy at cryogenic temperatures:




AFAL-TR-76-147

4 (1) The observation of phonon-assisted stokes and ;
antistokes transitions of a bound exciton complex 3
transition, in which the phonon-assisted transitions 3
1 ‘ were produced by the strong electron-phonon scattering 4
interaction in this material (~0.7) and by a non-~

thermal distribution of LO phonons at low temperature.

(2) The observation of a hydrogenic bound-phonon gquasi-
particle, in which the LO phonon states were localized
(bound) to the site of an acceptor impurity, to which
and exciton was also hydrogenically bound. This complex

g was created by the strong electron-phonon interaction in

; this material.

nhadis
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SECTION IV

MAGNETO - OPTICAL PROPERTIES ;

1. INTRODUCTION

Michael Faraday discovered the first magneto-optical effect
in 1845. The effect which bears his name (Faraday rotation) was
discovered when he observed that the plane of polarization of light
transmitted through glass was rotated by an externally applied
magnetic field whose direction was parallel to that of the light.
Faraday's discovery rapidly spread to experiments in other materials,
particularly gases, and lead up to the discovery of the Zeeman
effect in gaseous atomic spectra in 1896. By the early years of
the twentieth century, following the formulation of electro-
magnetic theory by Maxwell and of dispersion theory by Lorentz,
Drude, Voigt and others, the magneto-optical effect of dielectric
media were remarkably well understood in terms of the classical
dynamics of an electron in a magnetic field.

The first observations of resonant magneto-optical effects
in semiconductors date back to the early 1950's, when microwave
cyclotron resonance absorption of free electrons and holes was
observed by Dresselhans, Kip and Kittel in Ge and Si. Cyclotron
resonance soon proved to be a very powerful technique for probing
the details of the energy band extrema in semiconductors, particularly
in conjunction with the known quantum mechanical interpretations
of the energy band structure, such as the effective mass approx-
imation. In 1956, microwave cyclotron resonance was extended to
the higher frequencies of the far infrared primarily resonance
measurements and studies of the carrier effective masses and band
structure in InSb. It was also in the mid-1950's that the first
observations of the Zeemen effect in semiconductor impurities were
observed, mainly from cyclotron resonance measurements.

Zeeman effects in the free excitons of the II-VI compounds
(Cds and Cdse) were first observed by Thomas and Hopfield and by
Wheeler and Dimmock, during the early 1960's, Thomas and Hopfield
were also the first to observe the Zeeman effect in the bound
exciton complexes of CdS (1961-62), and these observations were
soon extended to several other II-VI compounds by Reynolds, Litton
and Collins. In this section we will briefly review the magneto-
optical properties of the II-VI compounds which have been measured
from cycloctron resonance and bound exciton Zeeman spectroscopy.

2. EXPERIMENTAL FACILITIES

Tn addition to the spectroscopic and cryogenic equipment
described in Section II-2, the magneto-optical facilities employed
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in this work included a conventional, electromagnet capable of
producing steady magnetic fields up to 45KG. A modified version
of the high resolution grating spectrograph, whose limiting
spectral resolution was twice that of the one described in
Section III-2, was also employed in the magneto-optica;lfacility.
The limiting resolution of this instrument was 0.04 cm ~, the
magnetic field of this facility could also be extended to 110KH,
2.25" bore and a 1.25" diameter transverse optical access.

The magneto-optical facility was available to the task effort

and was employed mainly for magneto-optical spectroscopy in the
II-VI compounds. It was used in particular for photoluminescence,
absorption and reflection spectroscopy in high magnetic fields

and for the study of the Zeeman effect in free and bound excitons
and impurities. Also available to the effort was a magneto-

Raman spectroscopic facility. The apparatus assembled in this
facility comprised a high-resolution, double-pass Raman spec-
trometer, several high power pump lasers (visible and near I.R.),
photoelectronic detectors and signal processing electronics,

and the helium-cooled superconductive magnet solenoid. This
facility was employed in the measurement and study of spin-flip
Raman scattering in several of the II-VI compounds, discussed

in Section IV-4., Some of the far infrared cyclotron resonance

of the MIT National Magnet Laboratory. Spectral measurements were
performed at cryogenic temperatures in the MIT facilities, using
either a Fourier transform spectrometer, or a submillimeter laser
spectrometer. Both of these spectrometers were used in conjunction
with high-field Bitter magnet solenoids which produced steady
magnetic fields up to 200KG.

3. MAGNETO-OPTICAL SPECTROSCOPY
a. Zeeman Spectra of Intrinsic Excitons

We will now consider the case of an intrinsic exciton in
an externally applied magnetic field. The magneto-optical spectrum
of the exciton is very similar to that of the hydrogen atom.
Within the effective mass approximation of simple spherical energy
bands, the exciton Hamiltonian is equivalent to that of the hydrogen
atom. The Schrodinger equation of stationary excitons (K=0)
in a static magnetic field, H. can be written as

: 2 Z
h_ v + ieh(m2-m*) ﬂ-zxz,gz__z(f_*xz)_e_ Y exm (r)
]
AT 2c mg m¥ 8uc <
= E¥exm (r) . . . (47)

o
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where the wave functions, exm (r), are highly restricted and
refer only to the relative motion of the hole and electron.

For the case of moving excitons (K#0), the wave functions) are
complicated, due, in part, to the modification of the block
functions by the magnetic field. This leads to complications
in the solutions of the wave equation, and such excitons will
not be considered here, since they are not characteristic of the
II-VI compounds, when H is small, the field produces splittings
and shifts of the exciton states similar to those of the atomic
Zeeman effect. The second term of Equation (47) gives rise to
a linear splitting in H for all states of non-zero angular
momentum, and the third term a quadratic shift of all states,
usually referred to as the dimagnetic shift.

For H=0, Equation (47) yields the hydrogenic solutions of

the intrinsic exciton discussed in the previous section. The
ground state wave function is 1ls - like and can be written

3/2

¥y @ =2 exp (r/a;) . . . (48)
where
eétz
Ay & e (m*/u) €5 a0 o e e ikAD)

e u

in which aj and ay are the first Bohr radii of the exciton and
the hydrogen atom, respectively. For small magnetic fields,
the terms involving H can be treated as a perturbation. As
noted above, the term linear in H has no effect on the ground
state, while the 112 term produces an energy shift in the ground
state. This energy shift is given by

2.2 2 2 g
E(H)-E(0) = S5~ r2aine) = 2 52 ! AL Eg)
4c

8c™u

In solving Equation (47), it is convenient to consider a dimen-
sionless magnetic field parameter, y, which is the ratio of the
magnetic energy of the exciton to its Coulomb binding energy.

Y is given by

Yy = ﬁmc/zngx s5% a 1513

where Ry, is the exciton binding energy (effective Rydberg), and
wec= eH/m*c (the cyclotron frequency of the free electrons). The
effective Rydterg is given by Rex = R(u/m*) (1/c2s), and the
hydrogenic Pydberg, R = 13.6 eV. Making these substitutions, the
energy shift of the ground state can be written in terms of
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¢olutions of Equation (47) have been considered for three d@fferent
rances of y: a low-field region, Yy<<l; an internediate region,
y~1; and a high-fielé@ region, y>>1. Approximate solutions whlcp
are in reasonably good agreenent with experiment have been'cbtalned
for hoth the high and low-field regions. For example, Flliot

| and London have oktained numerical solutions for y>>1, in _
reasonably good agreement with experiment. The intermedigte region
v~1, is difficult to treat theoretically, and exact solutions

b have not keen achieved. For example, perturbation theory becomes

; invalid for y~l. One of the difficulties in treating both the

low- and intermediate-field regions is to properly account

for the continuum states in the presence of the Coulomb interactions
of the exciton; another is the appearance of quantur mechanically

forhidden level-crossings which occur in the hydrogenic model at

low magretic fields. Fopfield has, however, achieved a satisfactory
theoretical treatment of the low-field region for the anisotropic

] exciton structure of CdS- the results of his variational calculation
3 are surmarized in the review of Refs. ¢ and 10 cited in the Appendix
- ‘ of this report.

e

The solutions of Equation (47) yield the magnetic energy levels
of the intrinsic exciton which are characterized by three guantur
t nunkers, n, i, m. For a given n and i, m=0 corresponds tc the
i lowest energy state (in the absence of spin) and is civen by

o (2n + 1) R:xy + Evn'l S (53)

The quantum nurker n is associated with the electron Landat levels,
while the quanturm number i is associated with exciton orkital motion
parallel to H. For exanple, n=i=0 corresponds to the ground state.

.t The term F; is the energy separation between the exciton level and
“ii the associated Landatk level.

:»} "o have not included spin terms (electron or hole) in the

vy ! exciton lamiltonian of Equation (47). ¥hen spin is included it

e e ! produces a spin-degeneracy in the exciton states which is lifted

ty the applied magnetic f£field. 1In sufficiently hich magnetic
fielde, spin-splittings are observed in typical intrinsic exciton
spectra. They are in, general, defined by ALe,}, = g&,n BH, where
> G&,n is the effective g--factor of the electron or hole and B is
the PBohr magneton (f = eh/2moc).

The excitonic Zeeman states which we have considered above

are those of sinple isotropic excitons which derive from simple
isotropic energy hands. In the case of the wurtzite structured
k II-VI compounds, we rmust consider the liamiltonian which describes
vy tke anisotropic exciton parameters of these materials in a magnetic
a2 field. We nust then colve the wave ecuation for this ILamiltonian
o 3 which does not have closed-form solutions. From approximate

] cclutions to the wave equation, Thomas and Hopfield and Vheeler
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and Dimmock have obtained calculated values of the magnetic states
as a function of magnetic field for the anisotropic excitons of

Cd5 and CdSe. Their calculated values are in very good agreement
with those deduced from the experimental spectra of these materials.
Ve have used their theoretical results in our magneto-optical
studies of the intrinsic exciton structure in the wurtzite II-VI
compounds.

b. Zeeman Spectra of Bound Fxcitons

As we showed in Section III-6, semiconductor defects
and impurities, such as neutral donors or acceptors or ionized
donors or acceptors, can capture free excitons to form molecular-
like complexes at low temperatures. Bound exciton complexes
are observed in photoluminescence spectra predominantly, but also
appear weakly in absorption. In the presence ~of a magnetic field,
these bound exciton complexes give rise to unique Zeeman spectral
patterns which are characteristic of the particular type of semi-
conductor defect to which the free exciton is bound. In case of
the wurtzite structured II-VI compounds, these bound excitons
are highly anisotropic and the splittings of their magnetic
states depend strongly on the angular orientation of the crystal-
line c-axis with respect to the direction of the magnetic field.
Several examples are illustrated below, in which the host crystal
is in a static magnetic field of strength H, oriented such that

E]C:
@= & — upper state@+ - < & i ®+ <T 3
%

@- E lower state e+ ‘ @

Exciton Bound Exciton Bound to Neutral Exciton Bound to
te Neutral Donor Acceptor Ionized Donor
(a) (k) (c)

In examples (a) and (b), neutral donor and neutral acceptor, the
unpaired electron spin splitting is isotropic, while the unpaired
hcle spin splitting is anisotropic, so that we may write for the
g-factor of these states

g

g_ (isotropic)

e

g = 9p11 ©OS 6
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where 6 is the angle between the crystal c-axis and the direction
of the magnetic field and 9n11 is the hole g-factor when EllC.

For any arbitrary orientation of the magnetic field with respect
to the c-axis, the upper state of the neutral donor complex (a)
will split into two states so that four transitions are observed;
under the same conditions, the lower state of the neutral acceptor
complex will split into two states so that four transitions are
also observed in this case. However, in the Hlp orientation

shown ahove, the hole spin splitting is quenched, since cos

8 = 0 at Hlp. Thus, only two transitions are observed for the
neutral donor complex at Hlp, and similarly for the neutral
acceptor complex. The magnetic states and the spin splitting of
the ionized donor complex (c) and the ionized acceptor complex are
identical. At Clﬁ, both the ionized donor and the ionized acceptor
complexes are zero-field split by a spin-spin exchange interaction,
giving rise to two transitions at both E=0 and at finite values

of the magnetic field strength. But at any arbitrary orientation
of H with respect to C (0<6<90°), the upper states of the ionized
complexes split into four states and four transitions are
predicted.

I T TR T AR TR TR T

e,

We return now to the donor and acceptor complex models illus-
trated in (a), (b), (c) above for H|C. When we examine the
absorption spectrum for the model (a), we observe that the higher
energy transition is more intense than the lower energy transition,
which is due to the preferential population of the low-energy electron
spin state (electron spin thermalization at low temperature).

This identifies the complex as an exciton bound to a netural donor.
Ve will now consider the magnetically-split electron spin states
in the upper state of model (b). When we examine the emission
spectrum of this complex, the lower energy component of the douklet
will be more intense then the higher energy component, if the
lifetime of the upper state is long enough for the electron spins
to thermalize. This identifies the complex as an exciton bound to
a neutral acceptor. Although the ionized donor and acceptor
complexes are both characterized by zero-field splittings and by
magnetic states which split identically as a function of field
strength and orientation, the optical transitions of these two
complexes do occur at different spectral positions, owing to the
differences in their binding energies. Thus, from determinations
of spectral position and intensity at known crystal orientations

in a magnetic field, it is possible to differentiate between neutral
donor and neutral acceptor complexes, between ionized donor and
ionized acceptor complexes and between neutral and ionized complexes.
It is not possible, of course, to identify the chemical origin of
the donor from such Zeeman spectra, but this can often be done
through selective impurity doping in conjunction with bound

exciton spectroscopy. Bound exciton spectroscopy has been a very
powerful analytical tool in the present work on impurity and defect
characterization in the II-VI compounds, not only in the wurtzite
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structures described akove, but also in several of the Zincblende
crystals. Some of the characteristic bound exciton photolumines-
cence lines observed in CdS and CdSe are listed in Tables VI and
VII. The I (neutral acceptor) and I; (neutral donor) lines are
now believed to be due to native defects, i.e., stoichiometric
defects in the CdS crystal lattice.

c. Infrared Cyclotron Resonance

Far infrared cyclotron resonance absorption studies have
been performed in a number of narrow and wide bandgap semicon-
ductor materials, such as InSb and InAs and CdTe and GaAs, during
the course of this work. These studies have been confined to
intra-conduction-band cyclotron resonance spectral measurements
of free electrons, and have also included far infrared magneto-
spectroscopic studies of shallow donor impurities in these
materials.

Cyclotron resonance spectroscopy is a very powerful exper-
imental technique for probing the details of the electronic band
structure in semiconductors, and also provides more precise and
reproducible values of the charge-carrier effective masses (hole

and electron) than can be obtained by any other experimental method,

including electrical transport measurements. The allowed infrared
cyclotron resonance transitions between conduction band Landan
levels, determined by the cyclotron resorance frequency,

- *
W, eH/m*c

and the magneto-optical selection rules, have been measured over
a wide range of fields, frequencies and temperatures in high
mobility InAs and CdTe single crystals. The cyclotron resonance
measurements have provided accurate values of the electron effec-
tive mass and its dependence on magnetic field and temperature

in these two materials. In InAs, for example, low-field, low-
temperature electron effective masses as low as m*/mo = 0.0223 %
0.0002 have been measured fron cyclotron resonance absorptlon in
high-mobility (~100,000 cm 2/y-sec at 779K) n- type epi-taxial
layers. Moreover, the rise in electron mass (polaron mass),

due to electron-phonon interaction and conduction band non-
parabolicity, has been measured from microwave frequencies

(A = 1lmm) up to the LO phonon frequency (A-41 um) in the InAs
epi-layers. Accurate values of the electron g-factor and its
magnetic field dependence have also been determined for this
material. Similar effective mass measurements have also been

performed on n-CdTe specimens of high mobility (u = 100,C00 cm2/v-sec

at+ 409K). TClectron effective mass changes due to polaron effects
have been measured to a very high precision for the first time
in CdTe and thkis will be discussed in Section IV-5.
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The far infrared cyclotron resonances transitions of the
shallow donor impurity in InAs were observed for the first time
in the present work. Several of the allowed hydrogenic donor
\ | transitions, such as the ls+2p, 1ls+3p and 1ls»4p (m=%1l, 0),

were observed in absorption resonance spectra and have been
| studied as a function of magnetic field and temperature.
| Several of the excited state transitions were also observed
and a chemical shift was observed in the ls-2p, m=1 transition,
indicating the presence of at least two shallow hydrogenic donors
of nearly the same binding energy. The optical absorption
| spectrum of the shallow donor is hydrogen-like in most of the
| II-VI ané III-V compounds. Moreover, the magneto-optical
{ absorption spectrum of the shallow donor is very similar to
{ that of the intrinsic exciton in a magnetic field, discussed
& | | in Section IV-3b. The zero-field binding energy of the shallow
= i donor in the InAs can he calculated from the hydrogenic Rydberg
’ formula, from which we ¢htain

3

R* = R(m*/mo)(l/esz) = 11.5 cm

. From this value of the binding energy, we calculate 8.6 em™! for

] i the 1s+2p transition energy. This is in reasonably good agree-

'-) | ment with the value, 9.5 cm~1l, obtained by extrapolating the
i
;)

experimentally measured transition energies between the magnetic
states back to zero magnetic field. Similar magneto-spectroscopic
measurements of the shallow donor impurity transitions have also
been made in CdTe over a wide range of frequencies.

4. Spin-Flip Raman Scattering

Ever since the spin-flip Raman laser was first demonstrated
| by C.K.N. Patel at Bell Telephone Labs, there has been a rapidly
| growing interest in this magneto-optical phenomenon in semicon-
i ductors. The success of the InSb SFR laser, as a source of
magnetically-tunable, coherent radiation over the 5 to 15 um
spectral region (pumped with CO3 and CO gas lasers), has led
naturally to a search for other semiconducting materials which
could be pumped to stimulation with existing lasers. Unlike ,
InSb, whose g% -5C, the wide bandgap II-VI semiconductors
(visible to near I.R.) have rather small Landau level spin-
splittings (ge<2), owing to the fact that their conduction and
valence band spin-orbit interactions are not large compared to
their bandgaps. Spin-flip scattering is still possible to these
materials; we require only that the spin-orbit coupling be
finite, plus an external field to split the spin states by

t@ = gRH
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where B8 is the Bohr magneton. In practice, however, high
resolution spectroscopy is required to analyze the SF scattering.

The research in this task on spin-flip Raman scattering
was confined primarily to the II-VI compounds, such as Cds,
CdSe, CdTe and ZnSe, and was directed primarily toward character-
izing the spin-flip scattering process in these materials, as
well as investigating the possibilities of magnetically tunable
laser sources in the visible and very near infrared.

Spontaneous spin-flip Raman scattering has been observed
in cds, CdTe, CdSe and GaAs. Both stokes

w, = w - gBH,

and antistokes,

wp = wL + gBRH,

peaks were observed in these materials, separated from the laser
pump frequency, wy, by gpH, the Landau level spin splitting.

The spontaneous scattering in CdS is from both free and bound
electrons, the latter process giving rise to intense and extremely
narrow spontaneous line widths, ~0.001 cm~l or less. When pumped
with the 4880 8 or the 5145 R lines from an argon ion laser, the
CdS stokes scattering peak can be tuned over a range of some 5

in wavelength, about the laser center frequency. Stimulated
scattering has also been observed in CdS by Scott. The observed
spontaneous scattering in CdTe, CdSe and GaAs was from free elec-
trons, and all measurements were performed at low temperatures.

Electron g-factors for CdS, CdTe and CdSe have been calculated
from the measured spectral positions of the stokes and antistokes
spin-flip peaks, over a range of magnetic fields between 30 and
100 KH. The g-factors were calculated from the relations,

g = (wL - ws)/ HB . - .OF Sige= (mA - ws)/ZBH,

and were nearly constant with magnetic field. The present spin-
flip Raman scattering g-factor measurements are summarized in
Table VIII, together with those determined by other methods,

such as exciton magneto-optics, EPR and NMR. The present worl
has yielded the first direct measurement of the electron g-factor
in CdTe, as well as an experimentally measured g-factor for GaAs
which is in excellent agreement with the value determined from
EPR. The spin-flip scattering in CdTe, CdSe and GalAs was pumped
with a Nd:YAG laser at 1.06 pm.

5. Polaron Cyclotron Resonance

Over the past several years, infrared cyclotron resonance
has been employed to prove the electron-phonon interaction in

—amam
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polar semiconductors, such as the III-V and II-VI compounds.
These studies have concentrated on the intraband cyclotron
resonance transitions between n=0-n=1 and n-1+n-2 Landau
levels. Cyclotron resonance in polar semiconductors is called
polaron cyclotron resonance because it is the "dressed" polaron
mass, rather than the free electron mass, which is observed

in cyclotron resonance transitions in these materials. The
fact that the electron-phonon interaction perturbs the free elec-
tron Landau levels in a theoretically predictable way has

made it possible to quantitatively determine the effects of
polaron formation in a number of polar semiconductors.

The Frohlich electron-phonon interaction Hamiltonian
was discussed in Section III-7. Wave mechanical solutions of
this Hamiltonian, using perturbation theory, yield the polaron-
induced changes in electron energy levels and effective mass,
which are due to the electron's motion through the polar lattice
and which have been observed experimentally. For example, the
Frohlich electron-phonon interaction theory predicts that the
free polaron mass, m**, is related to the free electron effective
ma-s, m*, by

m¥*s = m* (1 0 /6,

where o is the dimensionless Frohlich polaron coupling constant,
defined in Section III-7. If the free electron effective mass
and the coupling constant are known, then the free polaron mass
can be calculated. Unfortunately, the truly free electron mass
is not known, since it can not be measured directly from exper-
iments in polar crystals, i.e., it is always dressed by polaron
coupling even at very low energies. To a very good approximation,
however, we can assume that the low-temperature effective mass
measured at millimeter microwave cyclotron resonance frequencies
is the same as the free electron effective mass, since polaron
coupling is negligible at these low frequencies. There are also
difficulties in calculating accurate values of the polarcn
coupling constant, o, from the formula given in Section III-7

and the known values of the dielectric and optical constants of
the material. It is actually much better (and more precise) to
determine the polaron-induced changes in effective mass from
cyclotron resonance spectra in conjunction with polaron cyclotron 3
resonance theory, as has been done in the present work on CdTe. s
A precise value of the coupling constant, o, can then be obtained '
by fitting the theoretically calculated polaron effective masses
to those measured from cyclotron resonance spectra, since the
theoretical values are calculated as a function of magnetic field
and coupling constant.

In the case of cyclotron resonance, the motion of the electron
through the polarization field (phonon field) of the lattice is

48




AFAL-TR-76-147

provided by the orbital motion of the cyclotron electron whose
orbital frequency is precisely controlled by the applied magnetic
field strength. In order to account for the cyclotron motion

in the Frohlich Hamiltonian, we must replace the electron kinetic
term, p2/2m, by a kinetic energy term which expresses the electron
momentum in terms of the vector potential of the radiation and

the applied magnetic field. It is this Hamiltonian which pre-
cisely predicts the polaron-induced shifts in cyclotron frequency
and effective mass which have been observed experimentally.

Several very striking manifestations of electron-phonon
interaction are observed in the cyclotron resonance spectra of
polar semiconductors. When the cyclotron frequency, w., approaches
the LO phonon frequency, w,,, the electron-phonon interaction becomes
very strong and resonant ph?aron effects are observed. For
wc = wpo, there are pronounced shifts in the cyclotron frequency
and the effective mass. When wc passes through wip(wc>wpg), there
is a very striking increase in the linewidths of the cyc&otron
resonance absorption peaks. These effects have been observed in
the present magneto-optical studies of InAs and InSb. At fields
and frequencies below wpp, it is possible to make quantitative
measurements of the magnitude of the electron-phonon interaction.
For example, the electron-phonon interaction causes a rise in the
free electron mass as the frequency (wc) and field rise from zero
toward the phonon frequency («jp). This increase in mass (polaron
mass) causes a deviation of the cyclotron frequency from the usual
linear relation between the resonant field and frequency, determined
by the cyclotron resonance equation

= *

. eH/m*c
The resonant absorption frequency and field can be measured
directly and the increase in mass can ve calculated from the
cyclotron resonance equation. Masses determined in this way are
polaron masses. In CdTe, for example, millimeter microwave
CR measurements yield a free electron effective mass of m*/mo-
0.0963 + 0.0008 (at 4 K). At submillimeter laser frequencies
(for infrared), the effective mass (polaron mass) rises to
m*/mo = 0.1124 + 0.0005 at a frequency wc = 128 cm™ ~ (A = 78 um,
H = 155 KG), which is within 25% of the LO phonon frequency at
wLo = 170 cm™ 1. This represents a 15% increase in effective
mass, of which 2% is due to the effect of conduction band non-
parabolicity in this material. Thus we find that the electron-
phonon interaction in CdTe produces a 14% increase in the free
electron effective mass, when the electron is moving through
the lattice at an orbital frequency corresponding to about 75%
of the LO phonon frequency. Clearly, this is an appreciable
change in the electron effective mass, and since it arises from
an intrinsic property of the crystal, it can not be ignored.
From these data we have also put the experimental value of the
electron-phonon coupling constant in CdTe at a« = 0.40 * 0.03.
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Section V

DEVICE ORIENTED RESEARCH

For a number of years, it has been the operating philosophy
of the Solid State Physics Research Laboratory to pursue a strong
in-house program of basic research in selected areas of semi-
conductor physics, primarily in the II-VI compounds, and, at
the same time, to support and pursue research aimed at device
development in a few promising areas of interest to the Air Force.
Device oriented research efforts have been generated either from
ideas which grew out of the in-house research program, or from
known research needs within the Air Force R§D Program. Several
examples of device oriented research which have been pursued
and/or supported under this task effort are presented below.

One of these, CdS Solar Cell research and development, is

a direct out-growth of the in-house research program; another is
in direct response to a high-priority Air Force need in the area
of high-power infrared laser window materials required for
weapons technology.

1 CdS:CuZS SOLAR CELLS

The photovoltaic effect was first observed in silicon in
1953 by workers at the Bell Telephone Laboratories. This discovery
later led to the rapid development of the silicon solar battery,
particularly as the auxiliary electrical power sources for space
satellites. In the following year, 1954, Reynolds was the
first to observe the photovoltaic effect in CdS:Cu,S hetero-
junctions; this was followed in the same year, by his invention
and demonstration of a working model of the single-crystal CdS
solar battery. These early discoveries have led to a steadily
increasing interest in this type of solar energy converter, not
only for space applications, but also for terrestrial applications.
For several reasons, however, the silicon solar cell largely
overshadowed the CdS cell for more than two decades, primarily
because its conversion efficiency has been approximately twice
that of the CdS cell and because of its extensive development
for space applications. An additional factor which favored the
development of the silicon cell was the fact that much of the
semiconductor technology required for its development was already
on hand at the time of its invention, or soon became available
from the enormous R§D effort on silicon transistor technology
which was being developed in the late 1950's and early 1960's.
Fortunately, however, during the time period 1955-1956, the
first successful polycrystalline CdS film cell was achieved by
the Clevevite Co., under contract supported by ARL. This
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represented an important technological breakthrough, since it
demonstrated for the first time that it would be possible to
ultimately produce cheap, light-weight, large-area solar cells
for both space and terrestrial applicatons. It was also clear
that such solar cells could make possible the large area arrays
required for practical electrical power generating stations. ]
The early CdS film cells were vacuum evaporated on various types |
of electrode materials and supporting substrates, with chemically |
deposited CuS barrier layers and various collector grid materials. |
Typically, they had an active area of approximately 9 in2
(3" x 3"). 1In addition to its light-weight, the CdS film cell i
was also flexible which made it attractive for the power generating é
arrays required for space vehicle applications. Silicon, on £
the other hand, has always been a single crystal solar cell and
single panels of large power arrays comprise literally hundreds a
of single crystal cells, which make such arrays not only heavy, :
but alsc very expensive to produce. NASA actually supported a H
-
3

A
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-
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very modest program of research and testing of CdS film cells
(for possible space applications) during the mid- to late-1960's
but, in spite of this fact, the CdS film cell never became a
sericus competitor to silicon for this purpose. 1In a program
organized and sponsered by ARL, during the mid~ to late-1260's,
several CdS film cells were life-tested in the vehicles:

0V11l3 and OV1l17. The data from these experiments showed that

the performance of the CdS cells was only slightly degraded after
more than 18 months of operation and that their performance g
degradation was less than that of silicon cells under identical
conditions.

e

o—o—

This task effort has supported several years of continuing
research on the improvement of conversion efficiency and per-
formance of the CdS:Cu,S film cell, mostly performed under con-
tract with the Clevite Corp. and later with the Gould Corp.
Over the years, the output efficiencies and performance of the
CdS cell have steadily improved. For example, short circuit
current and open circuit voltage maxima have risen steadily to
values as high as 800 - 900 mA and 500 mV, respectively, in
3" x 3" cells; conversion efficiences of 5 to 6% are routinely
achieved and occasionally cells of 7 to 8% efficiency are pro-
1 duced. Many other problems concerned with cell stability, re-
1 liability and failure have been systematically solved through
painstaking research and engineering efforts. Much effort has
also been given to purification and removal of defects in the
materials from which the cell is fabricated, in particular the
n-type CdS layer and the extremely thin p-type Cu,S layer from
which the barrier layer (heterjunction) is formed. A great deal
of effort has been focused on achieving a better understanding
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of the barrier layer itself, particularly the charge-carrier
transport mechanisms and the presence of surface states at the
Junction. It has been shown recently by the Phillips Laboratory
group that the relatively low efficiency in the early film

cells can be traced to a deviation in stoichiometry in the Cu,S
layer. There 1is evldence that precisely stoichiometric CupS
layers lead to cell conversion efficiencies exceeding 10%. The
CdS solar energy converter 1s an excellent example of how

basic research and a better understanding of materials, particu-
larly in the II - VI compounds, have led to the development and
production of an extremely useful device. And much of this
better understanding of materials, which has made the CdS cell
possible, has come from the basic research efforts of ARL, over
the past decade and more.

Interest in the CdS film cell has dramatically increased
during the past two years, primarily because it now appears that
the CdS film cell will be the more economical alternative,
amongst several possible materials (including silicon), for
terrestrial applications, particularly for the production of
electrical power in solar houses and for the large solar cell
areas required for commercial electrical power generating stations.
Work on the further development of the CdS film cell for large
scale electrical power generation and for solar houses is now
underway in several institutions, including the University of
Delaware (Institute for Energy Conversion), Brown University,
Westinghouse Research Labs, Baldwin Research Labs, Solar Energy
Systems (a division of Shell 0il Co.) and several others. In
light of the national energy crisis, it seems to us that the
CdS solar cell is an idea whose time has come, some 20 years
after its invention! It also seems to us that the funds and
resources expended on the research and development of this solar
cell will ultimately serve a very important national purpose,
and the Air Force will undoubtedly reap considerable benefits
as well.

2. HIGH POWER INFRARED LASER WINDOWS

Since early 1971, approximately 30% of the task effort has
been devoted to a high-priority program on research and develop-
ment of High Power Infrared Laser Window Materials, with particular
emphasis on_window materials for the high power CO, laser which
radiaftes at 10.6um wavelength. This rather extensive program
is continuing under the Jjoint sponsorship of the AF Weapons
Laboratory (Kirtland) and the AF Materials Laboratory (WPAFB),
and has included the participation of ARL and AFCRL, several Army
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and Navy research labs, and a number of university and industrial
laboratories. The primary contribution of this task effort has
been that of crystal growth, laser window sample preparation

and spectroscopic analysis of window samples.

When the high power CO, laser window program began, several
groups of insulator and semfconductor materials, such as the
alkali halides, the II - VI compounds and the III - V compounds,
were thought to be potential window materials. At that time,
very little was known about the transmission of intense infrared
radiation through the alkali halide materials, which had long
been used for low-power, near-infrared transmission optics, and
even less was known about the high power density transmission
capabilities of the II - VI compounds in the near infrared
spectral region. In spite of this fact, ARL scientists were
among the first to suggest that CdTe, CdSe and ZnSe crystals
ought to be promising candidates for the CO, laser window appli-
cation and agreed to test this speculation gy establishing a
program for the growth of large, high-purity samples and to
provide these samples to the AFML laser window testing program.
Initially, large single crystal ingots of CdTe and CdSe were
grown. From these ingots, window specimens up to two inches in
diameter and 0.5 inches thick were cut and polished. Many of
these window specimens were subjected to high power density
tests in the beam of a c.w. CO2 laser. Most of the CdTe and
CdSe specimens were capable of transmitting power densities in
the range of 2 to 3 kilowatts/cm and showed only a slight rise
in temperature after several minutes in the beam. Only the
poorest of these specimens sustained surface burn damage, due

to beam absorption, and this could usually be traced to the
presence of mechanical imperfections, such as grain boundaries
and hidden cracks within the specimen. As the program progressed,
even higher-quality, high-resistivity CdTe and CdSe window speci-
mens were produced and many of these had measured absorption
coefficients as low as 0.0009cm‘1 for CdTe and 0.0006cm=1 for
CdSe. Unfortunately, the mechanical strength of CdTe and CdSe
single crystal window specimens was not very high, and this was
particularly true of the CdSe specimens which were cut such that
their crystalline c-axes were perpendicular to the specimen
faces in order to preclude beam refraction effects due to
birefringence. Eventually, the CdTe and CdSe window effort

was abandoned, largely because of the relatively poor mechanical
properties of the materials. At this point in the program, the
Raytheon Co., one of the contractor-participants in the program,
succeeded in growing large polycrystalline ZnSe window specimens
of relatively low absorption coefficient by the chemical vapor
deposition technique. Although the polycrystalline ZnSe window
specimens did not have absorption coefficients as low as those
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of single crystals, their mechanical strength was appreciably

higher than that of single crystals, and it was reasoned that

the advantage of higher strength would more than off-set the

disadvantage of the lower absorption coefficient. As a result

of this achievement, the techniques required for the vapor phase

sublimation growth of polycrystalline ZnSe were developed and

a rather extensive in-house program on the growth of polycrystalline

ZnSe laser window specimens was begun. One of the objectives

of this effort was to compare the relative merits of window

specimens grown by the two techniques (CVD and vapor phase

sublimation), particularly with respect to absorption coeffi-

cient, mechanical strength and the presence of foreign impurities

and defects in the samples. Eventually, polycrystalline ZnSe

window specimens were grown by the vapor phase sublimation

technique with absorption coefficients in the range of 0.001

to 0.005cm=1l, comparable to those produced by the CVD technique.

As part of this effort, single crystal ZnSe window specimens

were also grown and tested, primarily for the purpose of making

comparisons between the single and polycrystalline window speci-

mens. JSmall, single crystal ZnSe window specimens were eventually

produced with absorption coefficients as low as 0.000Scm‘l.

Many of the CdTe and CdSe laser window specimens, as well as the

single and polycrystalline ZnSe specimens, were supplied to AFML

| for their laser window characterization program, particularly

é for the determination of absorption coefficients, surface and
bulk scattering losses, thermal conductivity and thermal loading

characteristics, as well as mechanical strength and hardness

tests.

The photoluminescence spectra of both the single and poly-
| crystalline ZnSe window specimens were also studied in consider-
| able detail at low temperature (1 to 4 degrees K). From the outse
{ it was expected that only broad-band, phonon-assisted photo-
! luminescence peaks (due to recombination radiation of impurities
* and defects) would be observed, since past experience with the
| other II - VI compounds had shown that one could not, in general,
| expect to observe sharp bound exciton line omission in the
’ photoluminescence spectra of single crystals which crystallized
| in the zincblende structure. Moreover, it was also not expected
t that sharp line emission would be observed in the imperfect
| lattices of the polycrystalline window specimens. Quite sur-
i
|
|

prisingly, however, sharp line emission due to bound exciton

and free exciton transitions were observed in the single crystal
ZnSe specimens, and sharp line emission due to bound exciton
complex transitions was also observed in the polycrystalline
ZnSe specimens. This was the first time that such observations
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had been made and the importance of it was recognized immediately.
It meant that the bound exciton photoluminescence technique
could be employed to analyze the residual impurities and defects
in the ZnSe polycrystalline window specimens in great detail.

It also meant that the impurity and defect concentrations could
be examined over many small areas of a large window specimen,
since the method is a non-destructive analytical technique.
During the course of the photoluminescence measurements, bound
exciton transitions were observed which were thought to arise
from stoichiometric defects (presence of excess Zn and Se) in
the ZnSe specimens. This was later confirmed through spectral
measurements in conjunction with baking experiments, i.e.,
specimens baked in Zn and Se atmospheres. Other bound exciton
transitions were also observed and identified tentatively with
specific foreign impurities.

Although the alkali halide window, KCI, was employed in
some of the early, low-power, COp laser systems, polycrystalline
ZnSe windows have now been selected for the final high-power
CO, laser systems. And large multi-paned ZnSe windows have been
recently fabricated for this purpose. It would also appear that
polycrystalline ZnTe, and perhaps ZnSe:Te, could be developed
for this purpose eventually. The results of the inhouse re-
search on II - VI compound laser windows are summarized in
several papers published in the Proceedings of the Air Force
High Power Laser Window Materials Conferences, cited in the
Appendix of this report.

3. NON-LINEAR OPTICS: GROWTH AND STUDY OF HgS CINNABAR

Red mercury *sulfide (more popularly known as cinnabar or
A- HgS) is a wide bandgap semiconductor which is of considerable
interest because its unique properties offer excellent potential
for non-linear optical devices, particularly laser technology
devices. It is the most optically active of all known mineral
compounds, possessing the greatest birefrigence, a remarkable
optical rctary power and strong piezoelectric properties.

It is also known that A- HgS has the highest acousto-optical
figures of merit of any known crystalline material, making it an
efficient material for acoustooptical applications, such as
transducers, laser light modulators, deflectors, delay lines,
etc. Since the electromechanical coupling coefficients of
cinnabar are approximately twice those of quartz, piezoelectric
-~ - HgS transducers bonded to a parallelepiped cinnabar crystal
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would realize perfect acoustical matching and therefore yield
wide bands for acousto-optical deflection. Thus o - Hgs

should be a good deflector of laser light. For example, if
one assumes a frequency bandwidth of 250MHz for a cinnabar
transducer and an acoustic beam 0.5 mm square, it can be shown
that only 210 mW of acoustic power are necessary to deflect
all of the incident light of a 6328A He-Ne laser beam into
some 62500 different positions with an access time of 1 us.

Of perhaps even greater importance are the strong non-
linear optical properties of cinnabar. Its measured dl non-
linear coefficient i1s amongst the highest known for any oif the
non-linear optical materials; in fact, its dyq coefficient 1is
exceeded only by those of crystalline Se and Te, which have
the highest coefficients of any known materials. Unfortunately,
Se and Te have rather small bandgaps and their transmission
is limited to the near infrared spectral region; cinnabar,
on the other hand, is transparent from the visible red (about
6000A) out to a wavelength of some 14 um, which makes it a
more versatile non-linear optical medium for many applications.
Because of these properties, ® - HgS has a great deal of po-
tential for non-linear optical device applications, such as
integrated optical circuits, parametric oscillator frequency
upconversion, difference frequency generation and tunable
lasers (angle tuning), to name but a few.

To date most of the fundamental optical and electrical
properties ofa - HgS have been measured from natural crystals
which are not only small, but also exceedingly rare. The
natural crystals also contain large concentrations of foreign
impurities which make them undesirable for many laser appli-
cations, owing to their high extrinsic absorption of light.
1n spite of their higher purity, it is, unfortunately, very
difficult to grow synthetic cinnabar crystals of usable size
in the laboratory. Over a period of many years, a number of
different investigations have tried unsuccessfully to grow
large synthetic cinnabar crystals by several different methods.
In most of these attempts, submillimeter-size crystals were
produced. Another difficulty encountered in the growth of
synthetic cinnabar is the fact that HgS undergoes a phase
transition at approximately 330 degrees C: above this tem-
perature cinnabar transforms to the black cubic structure
(a - HgS) which has a small bandgap and is of no interest for
non-linear opftical applications. This requires that the red
form (cinnabar) be grown at temperatures below 330 degrees C,
a condition which severely limits the growth rate.

About three years ago (1971), several French investigators
succeeded in growing large synthetic crystals of a - HgS.
These crystals had volumes in excess of 1 cm (about 20 gms)
and were grown by the hydrothermal technique. The French success
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has sparked a renewed interest in synthetic cinnabar crystals,
primarily because of their great potential for application in
laser optics technology. It was, in fact, responsible, for

the present task effort on the study and growth of synthetic
cinnabar crystals, which began about three years ago, and

which has continued, in part, under Laboratory Director Funding
for the past two years.

In the present effort, cinnabar crystals have been grown
by a novel variation of the iodine transport technique.
Typically, a 12'' long, 1.5" diameter quartz tube served as the
source and growth chambers. The source material comprised
some 50 - 150 gms of technical grade HgS mixed with about
5 mg/cc of I,. The source material was then placed into the
closed end of the tube. Following evacuation of the air from
the tube, its open end was sealed off. This tube was then
placed in a furnace such that a temperature gradient was
maintained across its length, typically between 100 and 140
degrees C., The source material was maintained at temperatures
between 400 and 440 degrees C and the colder end of the tube
(growth region) was maintained at approximately 300 degrees C.
The source material decomposed and reacted to form vaporous
compounds which transported to the colder end of the tube
(growth and reaction zones). The transport species, HgI
and Sg, reacted to form HgS, several weeks after a few grams
of the compound Hg S I were deposited across the colder
end of the tube. Both o - HgS and black (cubic) HgS crystals
grew in separate regions of the colder end of the tube.
Cinnabar crystals in thick platelet form as large as 5 x 4 x 1 mm
and 7 x 2 x 1.5 mm were grown over periods of 50 to 6Q days.

Bandgap energies of these synthetic cinnabar crystals,
obtained from optical absorption measurements at temperatures
between 300 to 4.2 degrees K, were in excellent agreement with
those published in the literature, confirming the yield of
good cinnabar crystals from the iodine transport technique.

At room temperature, the bandgap of o - HgS falls at 2.10 eV;
the temperature %oefficient of its absorption edge is rather
large, ~9 x 10~ eV/degrees K, over the range 300 to about
20 degrees K. In the E11C mode of polarization, the bandgap
falls at a wavelength of 6115A at room temperature. X-ray
diffraction measurements of the lattice constants were also in
excellent agreement with the published literature values,
again confirming a yield of good quality cinnabar crystals

by this growth technique. Far infrared transmission spectral
measurements were also made in the neighborhood of the rest-
strahlen absorption band and several of the characteristic
optical mode absorption frequencies (phonon trequencies) were
observed, in very good agreement with published values.
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SECTION VI

SIGNIFICANT ACHIEVEMENTS

During the course of this task effort a number of "firsts"
in semiconductor physics were achieved. Several of these
achievements are listed below without further comment except to
say that they represent the original ideas and productive efforts
of a number of scientists and technicians who worked, at one time
or another, as part of the group effort. In most cases, these
achievements have contributed either directly or indirectly to
a better understanding of the fundamental and defect properties
of a number of important semiconductor materials.

1. First observation of negative resistance characteristics
and double-carrier-injection in Li- and Na-doped CdS single
crystals.

2. First observation of spatial dispersion effects in the
intrinsic exciton edge emission spectrum of CdS arising from
polaritons; identification of spal’'al resonance dispersion
effects in the intrinsic exciton reflection spectrum of wurtzite
CdSe single crystals.

3. First observation of the vibrational spectrum of a
bound exciton complex (observed in the emission spectrum of CdS,
analogous to the classical vibrational spectrum of molecular
hydrogen).

4, TFirst characterization of the bound exciton spectral
transitions of CdSe and ZnO single crystals: magneto-optical
studies.

5. Identification of free excitons bound to preferentially
paired donor and acceptor impurities in Li-doped Zn0O emission
spectra.

6. Magneto-optical identification of the bound exciton
transitions which characterize the radiation spectra of CdS
and CdSe Electron-Beam-Pumped Lasers (Provided the platelet
single crystals required for the first observation of electron-
beam-pumped laser action in CdS, CdSe and CdS:Se-observed at
MIT Lincoln Lab).

7. First observation of excited terminal states of bound
exciton donor complexes in CdS, CdSe and ZnO.

8. One of the first observations of donor-acceptor pair

recombination spectra in CdS, including magneto-optical characteri-
zation of the states of such impurity complexes.
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9. First growth of low-absorption-coefficient CdTe and
CdSe high-power infrared laser window crystals.

10. A unique determination of the optical mode phonon
frequencies of CdS and ZnO (at various symmetry points in the
Brillouin zone), measured from their phonon-assisted, bound
exciton, photoluminescence transitions at low temperature.

11. First observation of bound exciton antistokes emission
line, due to a non-thermal distribution of LO-phonons at low
temperature in CdS.

12. Observation of both bound and free exciton photolumines-
cence transitions at photon energies above the absorption edge
of CdS at low temperature.

13. Observation of a bound phonon quasiparticle in CdS
(optical mode phonons highly localized at a bound exciton acceptor

site).

14, First observation of sharp, bound exciton photolumines-
cence transitions and their phonon replicas in polycrystalline
ZnSe laser window crystals.

15. First observation of spin-flip-Raman scattering from
electrons in the n-type CdTe, CdSe and GaAs: measurement of the
effective electron g-factor in these materials.

16. Observation of acoustic-phonon-assisted cyclotron reso-
nance absorption in semiconductors.

17. First polaron cyclotron resonance measurement of the
theoretically predicted electron-phonon interaction in n-InAs
(measurements performed in high mobility InAs epi-layers).

18. First magneto~spectroscopic measurement (far infrared
Zeeman spectroscopy) of the characteristic shallow donor electron
transitions in n-type InAs and CdTe.

19. First quantitative polaron cyclotron resonance measure-
ment of the electron-phonon interaction in CdTe: First conclusive
confirmation of Frohlich's continuum model theory of large
polaron formation in polar semiconducting media.
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VII CONCLUSIONS AND RECOMMENDATIONS

This report and the publications listed in the Appendix
summarize the more important aspects of the research program
_ performed under this task. The significant achievements have
| 1 been summarized separately.

The major goal of the research was to advance the "state-
of-the-art" of the II-VI compound semiconductors, particularly
with regard to the growth of high quality single crystals, and
to the characterization of the fundamental physical properties,
E; as well as the characterization of the electronic defect
¢ structure. This has been achieved through extensive studies
of the optical and magneto-optical properties of these materials.
As a consequence of the research effort, the II-VI compounds
are now a very well understood class of electronic materials,

\ although there is still much work to be done in the area of

‘ their non-linear optical properties. The development and per-
fection of bound exciton Zeeman spectroscopy as an analytical
technique for the identification of semiconductor defects and
impurities was a pioneering effort of the research program.

It is recommended that the techniques of magneto-optical
spectroscopy which have been developed for the II-VI compounds
be extended to the III-V compound semiconductors, for the purpose
of characterizing the electronic defect structure in these materials,
particularly GaAs and InP, which have considerable potential for
electronic and optical device applications.
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APPENDIX

List of Publlcations

The following is a 1list of publications which resulted from
the research performed under Project 7885, Task 0004. This list
includes publications by both in-house and contractor personnel;
it is not necessarily a complete list, but is meant to be a rep-
resentative list of the more significant publications generated
under this Task effort during the period 1 July 1964 to 30 June

1974.

1. D.C. Reynolds and C.W. Litton, "Edge Emission and Zeeman
Effects 1n CdS", Phys. Rev. 132, 1023 (1963).

2. C.W. Litton and D.C. Reynolds, "Double Carrier Injection and
Negative Resistance in CdS", Phys. Rev. 133A, 536 (1964).

3. D.C. Reynolds, C.W. Litton and R.G. Wheeler, "The Vibrational
Spectrum of a Bound Exciton Complex in CdS", Proc. of 7th Inter.
Conf. on Physics of Semiconductors, Paris, 1964 (Dunod Press,
Parign: 1961 "D T390

L, T.C. Collins, C.W. Litton and D.C. Reynolds, "Semi-Empirical
Calculations of the Vibrational Spectrum of a Bound Exciton Com-
plex in Cd3", Proc. of Tth Inter. Conf. on Phys. of Semiconductors,
Paris, 1964 (Dunod Press, Paris, 1968). p. Ti4#5. ~

5« 'D.€. Reyroelds,; "Growbth eof Sulfideg', Chapt. IV .of Boek: ''The
Art and Science of Growing Crystals (John Wiley & Sons, New York,
1963).

6. D.C. Reynolds, "CdS Solar Cells for Space Applications", OAR
Research Review, V.1.II, 22, Jan 1964.

T. C.W. Litton, D.C. Reynolds 'and T.C. Collins, "The Vibrational
Spectra of a Bound Exciton Complex in CdSe", Proc. of the Hull
Luminescence Conf., Hull, 1964 (Proc. of the Physical Soc., London,
1964).,

8. D.C. Reynolds, "Excitons in CdS", Review Paper, J. Physical
Soc. Japan Suppl. 20, 1830 (1964).

9 D.C. Reynolds, C.W. Litton and T.C. Collins, "Some Opticail
Properties of Group II-VI Semiconductors", Part I, Review Paper,
Physica Status Solidi 9, 645 (1965).
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TABLE I

ENERGY BAND PARAMETERS OF THE II-VI COMPOUMND SEMICOMNDUCTOCRS
AT LOW TEMPERATURES (20°K and below) UNLESS OTHERVUISE INDICATED
(After Reynolds, Litton and Collins)

Material

Crystal
Structure

Bandgap
Eg (eV)
[7-Fg

or I'g-Tg

Valence Band
Separations

Epp (eV)
Fg-To
I'y-T7

Ep~ (eV)
B
F79F7

cds
ZnS
Zn&
Zno0
Cdse
ZnSe
ZnSe
ZnTe
CdTe
a-HgSsS

R-HgS
HgSe
HgTe

Wurtzite
Wurtzite
Z2incblende
Wurtzite
Wurtzite
Wurtzite
Zincblende
Znicblende
Zincblende

Trigonal
(Cinnabar)

Zincblende
Zincblende
Zincblende

2.582
3.910
3.84
3.436
1.840
2.795(1)
2.83
2.39
1.607
2.25

_0.15(1)(2)
-0.2(2)
-0.025(2)

0.016
0.029
0.065
0.006
0.025
0.046 (1)
0.41
0.91
0.81

0.057
6.082

0.038
0.407

Note: References to original sources of this data can be found in
Reynolds, Litton and Collins, Refs. 9 and 10.

(1) Denotes room temperature value.

(2) B-HgS, HgSe and HgTe are semimetals and have the equivalent of
negative bandgaps.
materials have the peculiar inverted band structure of grey
tin (T. C. Harman, Phys. and Chem. of II-VI Compounds, North

Folland Pub.,

1267, p. 767).

Harman has reviewed evidence that these
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{ TABLE 11
DIELECTRIC PARAMETERS OF THE II-VI COMPOUND ?
\ SEMICONDUCTORS AT ROOM TEMPERATURE :
‘ (After Reynolds, Litton and Collins) ;
|
Dielectric Constant ;
Material(]) € £ Refracﬁive Index ;
¢
| | CdS(w) €§3/eo -10.33 |5.24 2.30 (x=2um) E
f £
:
5 ; e”/eo - 9.02 E’
f Tha, e{]/eo - 8.32 |5.13 2.26 (x>2 m) f
3 / | a0 €, =~ B.B7 j4.58 2.14 ]
| | Rl e R
% 5 CdSe (w) e{]/eo - 10.65 |7.02 2.55 (A=0.85um)
‘ T
| e33/€o - 9:70
' t 5
1 6-”/60 o 9-53
| ZnSe(z) ely/eg - 9.1 [5.75 | 2.57 (1=0.64um)
| ZnTe(z) e{]/eo - 10.1  [8.26 | 2.77 (r=1.24ym)
i
§ CdTe(2) ely/eg - 9.6 (7.3 | 2.83 (a=Tum)
]
1 HgTe(z) 20 14 3.7 (A>80um)

References to original sources of this data can be found in
Reynolds, Litton and Collins, Refs. 9 and 1C.

Wurtzite and Zincblende structures are denoted by (w) and (z),
respectively.
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TABLE III

OPTICAL MODE PHONON ENERGIES (FREQUENCIES) OF THE II-VI COMPOUND SEMICONDUCTORS
Y AT ROOM TEM?ERATURE (360°K) UNLESS OTHERWISE INDICATED (After Reynolds, Litton
and Collins).

1 LO Phonon TO Phonon
|
| Material(l) Energy Frequency Energy Frequency
, | (eV) ., cm, ! (eV), . (cm>1)
E | CdS(w) 0.0376'¢7 1 303.51¢7 0.0288(2 1 7232.52)
k. |
= Zns (w) 0.084 355 0.036 290
Y Ins(z) 0.042 340 0.037 298
b Zno(w) 0.0m138) | 575.5(2) 0.0486(2) | 302(2)
CcdSe(w) 0.027 218 0.023 185
ZnSe(z) 0.031 250 0.026 210
‘ ZnTe(z) 0.0259 209 0.0236 190
4 ( (2) (2)
; CdTe(2) 0.0212(2) | 171.0%2) 0.0180 145-0’
| c-HgS 0.0426(2) 344(2) 0-0356(2) 287.5\2)
HgTe(z) 0.017 138 0.014 115

Note: References to criginal sources of this data can be found in
Reynolds, Litton and Collins, Refs. 9 and 10.

(1) Wurtzite and Zincblende structures are denoted by (w) and (z),
respectively

(2) Denotes low temperature values (below 20°K).
The values given for Cds and Zno are the averages of the 70, and TO2

and the LO, and LO, values as determined frem bound exciton
photo1unin$scence gpectra (See Ref. 41).
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TABLE IV

TYPICAL VALUES OF THE OPTICAL MODE PHONON FREQUENCIES AT THE
T_SYMMETRY POINT IN CdS and Zno, CALCULATED FROM PHOKON DISPERSICN
THEORY AND BOUND EXCITON SPECTRAL EMISSION DATA.

Symmetry Mode CdS_] ZnC_
vr(em ') vi(em™ ')
Tg L0] 304.6 581.4
Iy L02 302.2 570.4
Te 257 444
Tg TO] 240 413
r TO2 228 380

Note: After Reynolds, Litton, Collins and Frank, Ref. 41.
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