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I FOREWORD

ILL This report constitutes the Final Report on work per-
formed by personnel of the Hughes Research Laboratories
Division of Hughes Aircraft Company under Office of Naval
Research Contract N00014-70-C-0303, Project NR 039-106/2-
24-70, during the period 1 May 1970 through 30 April 1972.

The project was directed by Dr. A.L. Gentile and
monitored by Dr. A.M. Diness, Metallurgy Program, Office
of Naval Research. Experimental work in materials prepara-
tion and crystal growth was performed by Mr. N.R. Kyle;
evaluation of the material was carried out by Mr. J.E.
Kiefer, both Members of the Technical Staff at Hughes
Research Laboratories.
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ABSTRACT

The program sponsored by the Office of Naval Research
involved the investigation of CdTe single-crystal growth by
means of variation of crystal growth parameters, including
growth rate, thermal gradient at the melting point, quench
rate, and materials preparation and handling with the primary
objective of optimizing heat transfer to obtain optimum mono-
crystalline properties for application as an infrared modu-
lator device. Post-growth annealing techniques were also
investigated. Measurements on the CdTe crystals were per-
formed primarily as part of an internally supported Hughes
Aircraft Company program; the materials study is sponsored by
the Office of Naval Research. The research consisted of se-
lection and purification of starting materials, optimization
of crystal growth parameters, investigation.of post-growth
heat treatment, and study of the effects of oxygen contamina-
tion on materials properties for optimizing CdTe single crys-
tal material for use in infrared electro-optic devices.

During the investigation, crystal growth was scaled to
produce ingots 5 cm in diameter and up to 12 cm'in length
which yielded large single crystals allowing modulator rods
of optimum orientation up to 5 cm in length by 5 mm on edge
to be fabricated. Changes in tube geometry provided single
crystal starts for all ingots. A general improvement in mate-
rials purity and handling and processing improved the over-all
quality. The optical absorption coefficient _t 10.6 Um was
seen to improve from 0.006 cm" 1 to 0.0015 cm for best -1
samples; typically current samples average 0.002 to 0.003 cm
Studies of oxygen contamination indicated that small amounts
of oxygen (<50 ppma) have no observable effect on lO.6,vUm
absorption. However, large amounts (>100 ppma) have extremely
deleterious effects on the crystal quality, and hence, adverse
effects on the optical transmission. Experimental evidence
indicates that useful and superior infrared modulator devices
can be fabricated using CdTe as the active crystal.
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I. INTRODUCTION AND SUMMARY

The full capabilities of 10.6 um CO2 lasers in com-

munication and radar systems can be realized only by improv-

ing performence of electro-optic devices. The power output

of CO2 lasers is now adequate for many communication and

radar applications, and additional research in new and im-
proved materials with inherently better characteristics will

lead to improved electro-optic device performance. As the
result of a number of vyars of research on II-VI compounds,

~ including current cadiinidzi: telluride (CdTe) investigations

supported by Office of Naval Research Contract N00014-70-C-i 0303, personnel 4t Hughes Research Laboratories have devel-

oped the capabill;.y of growing large single crystals of

CdTe with improved ,.operties for application as an electro-

optic modulator.

Evaluation of these crystals as a basis for 10.5 um
electro-optic modulator devices, indicates many properties

in which such a device would be superior to one based on
[gallium arsenide (GaAs). An important example is the value3

of n • r 41 , the most important electro-optic parameter,

It which has been measured as approximately 10 x 10"11 m/V for
CdTe; the comparable value for GaAs is 5.8 x 10-l m/V. The A
lowest absorption coefficient for our CdTe measured during

the course of this investigation is 0.0015 cm", a value that

makes CdTe desirable for application as a high power infrared

laser window.
This pro;-am was initiated in order to accelerate the

development of CdTe crystals with the desired characteristics
to exploit their use in the modulation of infrared radiation.

Crystals have been grown o sufficient size to be fabricated

as modulators and used in a device. Single zrystal rods up

WM1



to 5 mm x 5 mm x 5 cm have been fabricated. A change in P
crucible geometry has enabled all crystal growth runs to have

single crystal starts, indicating promise of eventual achieve-
ment cf single crystal ingots. i .

During the course of this program, a parallel effort
was undertaken to develop CdTe as a high power infrared laser

window. This project was sponsored by the Air Force under

Contract F33615-71-C-1778, monitored by the Air Force Mate- I
rials Laboratory, WPAFB, Ohio. The window project called for
scale-u,) to 5 cm diameter ingots. The noticeably larger

single crystals obtained in this size led to the installation
of an additional large bore furnace for growth of 5 cm diam- -'

eter single crystal CdTe inguts primarily for modulator ap- -
plications. A distinct advantage from the larger diameter is
incurred when the single crystal is oriented for maximum

modulation efficiency. The scale-up, however, introduced ad-dtoa problems, some of which were solved during the course {
L)

of the two programs. However, programs concerning growth
of large single crystals, e.g., the ONR Modulator Materials _4

Study, requires the use of thin-walled tubing which increases

the probability of loss of runs. In addition, the standard
quench technique used to obtain high resistivity (low absorp-
tion) material was found to be inadequate for the large ingots; 7122

cooling was too slow to freeze-in the high temperature eqai-
librium. This led to the development of a thermal annealing
process which allows slow cooling under a controlled variable

overpressure of cadmium.
During this investigation, we also introduced a necked- L

down tip to the crystal growing tube which successfully gave

single crystal starts to all runs, significantly increasing 4

the single crystal yield. Modulator rods up to 5 cm in length 0L A

were cut from single crystal material. Ir. general, an improve-
ment in the over-all technique which was made possible by this

'z



program sponsored by the Office of Naval Research, together
in with the use of higher purity starting materials, the use of

higher purity (synthetic) fused silica ware, the improvement

U of clean room facilities and greater care in materials handling,
have been responsible for the improvement shown in CdTe modu-lator materials during the period of this study. Prime among

the improvements are

0 10.6 um absorption coefficient from 0.006
to 0.0015 cm-i

* Increase in single crystal size yielding
modulators up to 5 cm in length.

Au
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II. CADMIUM TELLURIDE CRYSTAL GROWTH

A. Phase Equilibrium Considerations

vrCadmium elluride~ tends to undergo stoichiometric
variations in the growth and cooling procedure; these vari-

ations are factors in the determination of what the electrical

properties, especiall, conductivity and type of conduction,

will be.
A look at an expanded phase diagram in the region of

i interest, i.e., the existence region (Fig. 1), shows that the
maximum melting point of cadmium telluride is not the stoichio-

metric composition; the composition of the maximum melting

point varies with the constituent pressure above the melt. If
a certain vapor pressure of the component (e.g., Cd) is main-

tained above the melt, the system has a tendency to grow at
the composition corresponding to the applied vapor pressure.

Li As solidification proceeds, the segregation process tends to
make the melt more and more concentrated with regard to the

component present in excess. However, as this occurs the

liquid is no longer in equilibrium with the vapor; a reaction
Sbetween vprand melt sets in until equilibriuv is again

reached. The end result is dependent on the rate at which
the composiiton changes as a consequence of the segregation,

El• compared with the rata at which atoms are transferred between
the meLt and the vapor. A steady state eventually will be

0 !reached in which the crystals will attain a composition be-

St•en the maximum melting composition (e.g., A for P d = 0.8
gi in Fig. 1) and the stoichiometric composition.

In the Modified Bridgman Technique these conditions
(e.g., composition, component overpressure) can be altered to
produce CdTe that is stoichiometric, cadmium-rich, or

T tellurium-rich.

5
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S~The M1odified Bridgman Technique was developed 2 primar-

ily to grow high resistivity material for optical modulators,

gamma detectors, and infrared windows. High resistiv!ty mate-

rial is readily obtained when deep levels in the band are

filled with electrons from donor impurities. The addition of

a donor to the melt causes the entire tellurium-rich side of

the phase diagram (Fig. 2) to yield high resistivity materialS~when rapidly cooled (quenched) to room temperature from ele-

vated temperatures as indicated in the diagram. Obviously,

-if the material is slowly cooled, it will move into the low

resistivity region to the right of the line in Fig. 2, which

represents the amount of indium dopant in the crystal. u3y

proper selection of the quench point, high resistivity CdTe

is obtained over a range of conditions making extremely criti-

cal control of pressure, quench temperature, or donor (e.g.,

indium) concentration unnecessary. Typical results of this

process are shown in Table I. In addition, slowly cooled

material (low p) within certain size limits, may be thermally

annealed after growth and subsequently quenched to yield high

resistivity material.
TABLE I

"Resistivity as a Function of Groi:th Conditions

Resistivityf Indium, Pressure,
Ingot Q-cm cm-3  Atmosphere atm

L 21 10 2. 4 X 101 7 Cd I
S22 

10 7 2. 5 X 10 17 Cd 
II

""24 107  2. 5 X 1017 Cd I
7 17 -

i25 10 5 X 101 7  Cd I

01 105 1.9 X 1018 Cd 2.1

37 -108. 5 X 10 Te 0.847 107

38 107 . 5 X 107 Te 0.84

S35 108 1.7 X 1017  Te 0.5

T182 7
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B. Cadmium Telluride Purification and Preparation
"Techniques

Purification of the starting material is a very im-

Sportant part of the crystal growing process. Many methods

for obtaining pure CdTe have been reported, but much of the

early work which involved purification of the elemental con-
stituents by sublimation and zone refining was necessary be-

cause high purity cadmium and tellurium could not be obtained

commercially. This is no longer the case; the elements can
now be obtained with a minimum purity of 99.9999%. Zone re-

fining the compound is not an efficient means of obtaining
high purity crystals because the segregation coefficientý of
most impurities in CdTe are about 0.5 and that of aluminum is
actually greater than one. When impurity segregation coeffi-

cients are close to unity, many zone passes are necessary to

reach a given purity level, and the time required intensifies
U! the problem of contamination by the container. For these

I reasons, purification of the compound by sublimation was
chosen as the most promising technique.L Purification by sublimation is more rapid than zone

refining, and less chance of container contamination exists
bccaase no melt is invovked and the temperatures are low.

In addition, the compound recombines stoichiometrically ac-
cording to the equation

CdTe (s) Cd(g) + Te 2 (g)

"Therefore, any excess cadmium or tellurium can be segregated
because the vapor pressures of cadmium and tellurium are muchj higher than that of CdTe.

19

M _



Purification by sublimation is based on a distribution [ji.

equilibrium between the solid and gas phases. Impurities that •

are volatile will be in equilibrium with the sublimate and
condensate. Starting with the purest cadmiunt and tellurium :;[
available (at least 99.9999%), the components are reacted to )-N

form the compound Cd'Le and then sublimed to purify it. This

is a one-step process which takes place in a closed evacuated..
tube (Fig. 3). Starting with cadmium and tellurium, near-
stoichiometric amounts are placed in a long quartz tube which U

has been cleaned in electronic grade HF-HN0., washed in de- •

ionized wash consists of a closed system of circulating de-

ionized water which continuously passes through a deionizer. -Ai'

After the tube is loaded, it is sealed off under a vacuum of
107 Torr. •i

The tube-is initially lowered partially into the furn-
ace until the heat is sufficient to start the reaction of[••
cadmium and telluriuL,-. The reaction is axo,_hermic and pro-
ceeds rapidly. When the reaction stops, the tube is then
lowered completely into the furnace and withdrawn at
0.25 in./hour. .

There is no attempt to clean the material mechanically •
or chemically. This method reduces contardnation by minimiz- t•
ing handling. In addition, the CdTe sublimate is heated in • °

the sublimation tube under a hydrogen atmosphere at 80C*C. :
This is done to remove any oxides, thereby preventing removal :
of the pyrolytic carbon coating by oxidation. In addition, ! ~

the material is prevented from sticking to the tube through
the reaction of silica with the oxide. It is important that )U'
the material does not come in contact with the fused silica

container, because the container has been found to be a source
10
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of contamination. A direct correlation has been found between
the impurities in the fused silica tubes and the impurities [j,
in CdTe crystals. Consequently, synthetic quartz, which has

the lowest impurity content of any available tubing, is used
to grow the single crystals. if-

C. Modified Bridgman Technique L o

The optimum growth conditions for producing high

quality, large single crystals of CdTe are determined by rate ;x

of growth, growth temperature, temperature gradient, and rate

of cooling of the ingot.
The following general conditions for crystal growth by

the Modi.fied Bridgman Technique have been determined as a re-

suit of numerous investigations.

* A sharp temperature gradient in the growth
zone is necessary for an-axial flow of heat. [i
Crystals grown through a shallow gradient are i •
invariably polycrystalline. We currently use
a gradient at the melting point of CdTe of

"* A flat axial profile is requi-red to minimize
the radial flow of heat and thermal convection .
in the melt.

"* A slow growth rate is necessary to -,void rapid
cooling of the surface, which would result in
a concave solid-liquid interface in the direc-
tion of growth. (A convex interface in the
direction of growth is considered ideal.) The
thermal conductivity is the dominant factor
determining growth rate. Thus, for materials
having low thermal conductivity, the growth A
rate must be slow. For CdTe, a concave shape
was obtained for growth speeds much greater
than 0.20irtU/hour. In addition, at speeds
much greater than 0.20in./hour the dislocation

12
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density increases rapidly. If the crystals

are grown very slowly to minimize the disloca-
tion density, the seeds which form initially
propagate linearly through the crystal along
the growth axis. The speed is then too slow
for the fastest growing crystal plane to
dominate. As a result, an optimum speed of
0.10 to 0.20 in./hour is used.

* Crystals of approximately I in. in diameter
minimize radial temperature fluctuations acrossI the ingot because of their large mass.

0 The crystal must be rotated if the furnace is
not symmetrical. Rotation will smooth out
the asymmetry of the furnace and minimize
radial fluctuations.

SThe solid-liquid interface can become concave
if the melt temperature is run well above the
melting point of the material. A temperature
of 5 to 10*C above the melting point is ideal.

0 The pressure of one of the components above themelt as used in the Modified Bridgman Technique
Salso affects the cinystallinity. In particular,when the cadmium pressure was much above or

below 1 atm, the crystallinity degenerated.

1 Six different geometric configurations of quartz
crucibles have been tested to determine whether
the different methods of crystal nucleation and
slopes of the tube had any effect on the crystal-
linity of the material. Recently one showed a
particular advantage for the growth of CdTe.

Because CdTe readily dissociates at high temperatures,

growth from the melt requires a closed system. Although an

ordinary Bridgman method of growth in a closed system can be
U used, there is little control over the electrical parameters

and composition of the crystal. If the melt is off stoichi-
ometry, the composition of the melt changes continuously as

solidification takes place, thus changing the composition and
resistivity of the solid as it grows.

13
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Crystal growth of CdTe was pursued by the Modified
Bridgman Technique. The main advantage of this technique is U
that the composition of the melt can be controlled. It also
offers the advantages of uniformity of ingot size and greater
uniformity of impurities in the direction transverse to the
direction of growth. The growth tube is elongated (Fig. 4)
so that cadmium or tellurium can be placed in a reservoir
high in the tube, where vapor pressure can be controlled by a
second furnace operating significantly below the temperature
of the crystal furnace. Crystals of CdTe can be grown stoichi-
ometrically, cadmium-rich, or tellurium-rich, by changing the
pressure of cne of the components. In practice, the Modified
Bridgman tubes, made of synthetic quartz, are cleaned and
coated with pyrolytic carbon. The sublimate is loaded into
the tube and hydrogen treated at 800*C to remove the oxides. [3
Cadmium is placed within the reservoir of the tube, the tube
is sealed under a vacuum of 10-8 Torr, and lowered through
the crystal growth furnace. When CdTe is prepared at speci- _

fied temperatures, with appropriate overpressures of its com-
ponents and with 101 ?/cm. indium atoms or other suitable n-
type dopants, the resulting material is high resistivity. The
region specifying these conditions is presented in Fig. 2. As [
shown in the figure, indium-doped CdTe grown at a pressure of

1 atm should have high resistivity if it is quenched rapidly [
to room temperature from a temperature of 900*C or higher.
Since the ultimate resistivity is also influenced by quench F _

rate, profile of the lower furnace, and rate of crystal
growth, these factors must be controlled to optimize the as- I

grown crystal.

H:
14
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The platinum-wound Modified Bridgman furnaces which

satisfy the temperature profile conditions shown in Fig. 4)

are illustrated in Fig. 5. A portion of typical boules of

single crystal CdTe grown in this equipment is shown in Fig. 6. L
Several modifications of the Modified Bridgman Tech-

nique were accomplished during the course of this study which L
added to improved materials for use as modulators.

The crucible, which was developed for the growth of

large ingots (5 cm diameter) of CdTe and which would yield

the largest single crystals, consisted of an inner crucible
of high purity synthetic fused silica (Suprasil) clad on the

outside with regular fused silica (Amersil) and has a total

wall thickness of approximately one millimeter. This is

necessary because of the lower softening point of the syn-

thetic fused silica (below the usually quoted 1200*C) because

of the high CH- content residual from the hydrothermal growth

process. The softening point of synthetic quartz containers

was variable and frequently observed to be close to the .

melting point of CdTe. The synthetic fused silica is signifi-

cantly purer than the other grades, and therefore is necessary

as an internal liner close to the melt (separated by a pyro-

lytic carbon layer). The thin wall has been proved to be re-

quired for maximum single crystal yield because of the greater

ease of heat removal. In addition, a large conduztive metal

heat sink on the nose of the crystal greatly assisZs in the -

axial removal of heat; this was incorporated into the lowering

mechanism of the growth furnace apparatus Growth parameters

including lowering rate and thermal gradient were adjusted to

yield maximum monocrystallinity. Most runs were slowly cooled I[

and allowed to run out of the bottom of the furnace before re-

moval. Although this technique yielded some of the largest I
single crystals of CdTe yet reported (see Fig. 6), problems

persisted which resulted in cracking of the ampoule before )1

16 HI•
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sufficiently low temperatures were achieved and sometimes re-

suited in explosion. In addition, slowly cooled crystals re-

quired longer annealing times. Too often, single crystals of-

large sizes showed extensive cracking. Several causes ob-
S serve' for these results were (1) keying of the CdTe or cad-

mium coating (deposited aver the ingot after or during solidi-
U fication) to the walls of the crucible where the carbon coating

--. was porous or somehow removed, (2) differential contraction
(expansion) of a solidified ingot which sets.in a sharp thermal
gradient, and (3) deposition of large amounts of metallic cad-

mium onto the ingot by condensation of the excess cadmium from
above. At the present time, large single crystals can be grown

~ from which modulator rods as long as S cm x 5 mm x 5 mm can

be cut. However, the problems have not yet been entirely
solved.

9 D. Thermal Anrteaiino

In the process of quenching under an atmosphere of one
of the components, it is assumed that the atomic positions of

vacancies and foreign atoms remain unchanged. while the elec-
8 trons and holes are free to redistribute themselves over the

energy levels in the crystal. Consequently, quenching under
I p a high cadmium pressure would introduce cadmium interstitia3s

Sas the dominant donor. As the cadmium pressure is lowered,
the concentration of cadmium interstitials decreases and the

Ii donor impurity (indium) becomes the dominant electron supplier.
- ~ Further reduction in cadmium vapor p~essure eventually resu~lts

L in a tellurium-rich crystal in which the dominant defects are
cadmium vacancies rather than interstitials. The cadmium
vacancy is an electron acceptor. When enough of these have

been introduced so that all the electrons from the donor

19
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impurity are captured in the quenching process the n-type

region of conductivity ends. The imperfections which trap

electrons are thought to be cadmium vacancie• with a single
negative electrical charge (V'cd).

As the cadmium pressure is lowered further, the V"Cd

(cadmium vacancy with effective charge of -2) functions as a

Zrap for the holes during the quenching process. The ioniza-

tion energy of these V"Cd levels is too large to give appre- U I
ciable conduction at room temper2ture. It is not clear

whether these deep-lying energy levels consist of a double

negatively charged cadmium vacancy or associates of cadmium i
vacancies with donors1 ; however, the result is that the

transition from n- to p-type material takes place over a

wide range of atmospheres in which the crystal has an ex-

tremely high resistance. The pressure range yielding low f I
resistivity p-type conductivity is never reached.

If the cooling takes place slowly or if the quench
occurs at too lo-e a temperature, vacancies are able to dif-

fuse away and the deep acceptor centers are not present; the

Fermi level is no longer pinnhed near the center of the for- M

bidden energy zone, and the lower resistivity material is W

formed. This is in good agfeement with the phase diagram i
(Fig. 2) which shows, for example, that indium doped CdTe

grcw,- at a pressuro of one atmosphere should have high re-

sistivity if it is quenched rapidly from 1000 0 C to room tem-

peratur-.. The temperature range from which a crystal may be [5
quenched to roomn temperature and have high resistivity i e.,

no free carrier absorption, h.s an upper limit which is the

melting point of CdTe at the cadmium pressure being used (the

left boundary cf the solidus region in Fig. 2 and a lower

linit determined by the shallow donor concentration in the

crystal (one of the diagonal lines corresponding to different
indi~un concentratio;ns in Fig. 2.

20



Typical optical transmission curves before and after

U the thermal anneal procecare are shown in Fig. 7.

When the ingot size was increased to a 5 cm diameter

and the total weight of CdTe exceeded 500 grams, we observed

that quenching became impossible because of the large mass
I tand relatively poor thermal conductivity of the material. A

technique was initiated which involved slowly cooling the

crystal with accompanying lowering of the overpressure as

illustrated by the dotted line in Fig. 8,* remaining in the

high resistivity region to a temperature where diffusion pro-

cesses become sluggish. This annealing procedure can also

assist in reducing any thermal strain that may have been
U present due to growth conditions; certainly it cannot intro-

duce any additional strain in the ingot. This technique is

stili in the experimental stage and as such is not entirely

reproducible. Initially, excellent results have been obtained.

At the present time, however, modulator rods are cut from

the ingots and heat treated by the standard quench technique.

1I

*The circle designated with number 1 is the area of thermal
anneal used both prior to quenching or subsequent to slow
cooling techniques. 21
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III. CADMIUM TELLURIDE CRYSTAL EVALUATION

A. Measurement of Electro-Optic Coefficient

The most efficient means by which the electro-optic

coefficient of a material such as CdTe may be measured,

utilizes a sample of the material in the form of a rectangu-

lar bar with the end faces and two opposing sides parallel

to crystalline (110) planes. The end faces are optically

polished to allow passage of a light beam, and the (110)

plane sides are electroded to provide for the electric

driving field across the crystal.

In its simplest form, the measurement is made by 1

allowing the polarized output beam of a suitable laser to

pass axially through the sample, through a crossed analyzer,
U* and onto a detector where the intensity of the transmitted

rt light can be measured. A known dc voltage is then applied

to the crystal, and the intensity of the transmitted lightlb is measured as a function of the applied voltage. When an
element with birefringence r radians is placed between
crossed polarizers with the induced axes of -he element

w /4 from the polarizer axes, the ratio of ti asmitted to
incident light intensity is given by

SI/lo = sin2 (r/2) . (`)

For this crystalline orientation, the birefringence or phase

retardation as a function of driving voltage V is

r - no r 4 1 :) V radians, (2)

where X is the free space wavelength of the incident radia-

tion, no is the refractive index, r 4 1 is the electro-optic

[ Z5
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coefficient, L is the length, and d is the thickness of the

sample. Combining the two equations and solving for r41f

r41  3 d sinL 2 / (3)r1 21mn V 00L
which yields the unclamped electro-optic coefficient.

To measure r 4 1 with an ac signal (e.g., to find the I. i
clamped or high-frequency value of r 4 1 , a quarter-wave plate

with axes parallel to the induced axes of the sample is L
placed in series optically with the sample, and a sinusoidal

signal with peak voltage V0 and frequency Fm is applied to'

the sample. The above equations are then modified as follows. L

I/Io =sin2 +÷)= sin (1+ Y) (4)

r no r V sin (2nr Ft) (5)

Thus,

sin no r4l VO , (6) L;T0 ,max 0min I-o41J

or for small signals V

r AI A (d (7)o41 To 2irn3o V0

The apparatus for these measurements is illustrated sche-

matically in Fig. 9 and a photograph of our test station is

shown in Fig. 10.

Z6
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B. Optical Absorption Measurements

The calorimetric technique is the most common method

of measuring the optical absorption coefficient of materials

at 10.6 Um. Basically, this method involves radiating a

sample of the material to be measured with a known amount of

energy from a CO2 laser and measuring the resultant tempera-

ture rise of the sample. From the mass and specific heat of

the material and the power absorbed, the absorption coefficient

of the material may then be calculated.

flThe power absorbed in a medium of length k and having

nominally plane, parallel faces is given by

S= (l-R)(1-eG )P (8)a (lRe-)

where R is the reflection coefficient at normal incidence,
P is the normally incident power, and a is the absorption

coefficient. For the product (ac) much less than unity, the

relation for the power absorbed simplifies to

P at P , (9)

independent of the reflection coefficient. The power ab-

ti sorbed is found calorimetrically by analysis of the sample's

transient thermal response to the incident power.

Consider a sample having no constraints on the tern-

perature at its boundaries and subject to heat losses to the

I environment alone. The heat losses increas.e as the tempera-

ture difference AT between the sample and the environment

increases. The rate of heat loss PL at a specific tempera-

ture difference (AT = A) is given by

ATA -CM d(AT) (10)
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where C is the sample heat capacity, M the sas•mte mass, and
d(AT)/dt the instantaneous change in sample temperature with
respect to time.

If power is incident on a'sample, its temperature rise
is influenced by the absorbed power and also by the power lost ,
to the environment. The instantaneous change in sample tem- i
perature at AT = A in this case is given by

d(AT) _ 1 (

SJAT=A CM (aLIAT=A (11)

Pi O

Combining eqs. (9), (1O), and (11), and solving for a results

in the relation,

a(AT)IA. = P FI -- ~-- (12)
I= 1AT=A IAT=AJ
pilO

Equation (12) implies that the absorption coefficient (K
a, which may be temperature dependent, can be found experi-
mentally by analysis of transient thermal response of a
sample during and after laser irradiation. A typical transi- L
ent response of a sample having temperature independent ab-
sorption is shown in Fig. 11. The sample is initially at
equilibrium with the environment rAT=O). During laser irradi- .
ation, the slope [' °

is measured at a particular departure from equilibrium (

AT A. As the sample returns to equilibrium, the slope

3 0 ! .
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saedeparlr ro qilbim (14)7AT=A

is measured at the same-departure from equilibrium. The ab-

sorption coefficient is found by substitution of these values

into eq. (12).

The calorimeter is illustrated schematically in Fig. 12

and a photograph of the actual device using a CO2 laser as the -!

source is shown in Fig. 13. We have used both CO2 (10,6 pm)

and Nd:YAG (1.06 pm) as source illuminators for this calorim-

eter. A close-up view of the sample holder is shown in _1

Fig. 14.

C. Modulator-Related Properties of CdTe

Several of the important modulator-related properties

of Modified Bridgman-grown CdTe have been measured. The

properties measured at Hughes Research Laboratories include

the refractive index, hardness, the electro-optic coefficient,

the optical absorption coefficient, the loss tangent at 1 GHz, L
the specific heat, and the temperature coefficient of the re-

fractive index. The value given for thermal conductivity was
determined on our sample from a commercial source using the

Colora Thermoconductometer.* Values of the properties measured j
are given in Table II. For completeness, the values of

other important properties from the literature are also in-

cluded. Where applicable, the values given correspond to data i S

taken at 10.6 pm. Results of the absorption measurements on f

thermally annealed samples slvw the lowest value for single L!
crystal material to be a = 0.0015 cm-l• Actual bulk values

Measurement performed by Ablestik Adhesive Company, Gardena,
California. L
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IL _
may be less than this measured value as discussed in recent

work as by Shiozawa, et al. 3  Currently. single crystal CdTe I
averages 0.002 to 0.003 cm "1 The method of measurement of a,
the absorption coefficient is discussed in a previous section.

TABLE IV

CdTe Properties

Clai;sped (hiig frequency). 10 + 1 x 10- 1 /V
clcctro-optiC cciaracteristic
n -: t

Ealfwave voltace V -. /d(I0.6 um) 53 kV

bielcctric constant ele I0

- Resistivity >10 P.-cr. c

Loss tan ent (I G1z) <10-2

hefractive index no 2.67 f
0H

Transmissicn rance 1 to 25 um

Optical absorption coefficient 0.0015 to 0.003 cmCL

T;'ermal conductivity 0.0093 1
cal(sec'cm'°C) 120 0 C V,

-iTemperature coefficient of tCe 4.4 x 10-51C-
refractive index (1/n) dn/dt

Linear coefficient of thermal 5.5 x 10-6C 14
expansion

ilardness t

,,noop 47 to 53 !

T668
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D. Oxygen Contamination Studies

In the investigation of the limiting mechanisms of the
S absorption coefficient of CdTe, a number of factors, includ-

ing impurity content, have been analyzed.* However, analysis
of impurity content by mass spectrographic and emission
spectrographic techniques failed to show any meaningful cor-

relation between impurity levels and the measured absorption
coefficient. E ven for variations in oxygen content - a con-

taminant of great suspect for limiting the absorption coef-
ficient ranging from 0.4 to 22 ppma, no significant deteri-
oration of a (absorption coefficient) was observed (see

ITable III). In order to determine the role of oxygen as a
deleterious impurity to optical transmission at 10.6 Um, we

L undertook a series of experiments using CdO to dope ingots
with known concentrations of oxygen. Although the degree of
solubility (segregation coefficient) is unknown for oxygen4 in CdTe, the concentrations introduced into the melt were

S"I,0, 100, 1000, and 10,000 ppma oxygen; 10 ppma oxygen was not
2 IL used since data indicated little difference could be shown

between intentionally doped samples at that level and unin-
tentionally doped ones, i.e., not specifically added oxygen
impurity. Crystals were grown, both only oxygen doped and17 Ioxygen plus indium doped (2 x 10 In atoms/cc). Indium is
used as the usual dopant to ensure high resistivity, hence

good quality after th'e heat treatment procedure. The ingots
, •were grown by a Bridgman technique, and after being cut and

polished were optically evaluated. The results of the in-
vestigation are summarized in Table IV. The data contain
few conclusions. Samples that were not indium-doped showed
poor optical transmission but no free carrier absorption

This investigation was supported by the Air Force Materials
Laboratory under Contract F33615-71-C-1778.
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TABLE III

Oxide Impurity Study of CdTe Crystals

(app)a (b) mI p;S l
Oxygen(a) U cm P, S-cm Sample8 U

0.4 0.008 6 x IO1 214

jI 0.6 0.7 0.99 219(c) L j
8 Vý

0.9 0.010 6 x 108 208 i

1.1 0.002 > 107 176

2.5 0.010 191

6.6 --- 2.0 2 0 4 (c)

22.0 0.007 4 x 102  212 LA'

4l(a)lass spectrographic analysis performed by Bell andItow.ell, Pasadena, California.
I,)Calorinmetric absorption coefficient measurement nade 30

(C)Free carrier absorption.

I T669

I48. I= -•
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TABLE IV

CdTe Samples Oxygen and Indium (a) Doped

10.6 um Transmission I /1o,
To

Uj Oxygen, As Grown First Heat Second Heat
Sample ppma Treatment Treatment

U1-0 0 0 63 56

1-1 100 0 10 24

1-2 1000 0 5 50

1-3 10,000 0 2 17

2-0 0 0 56

S2-1 100 0 42

u2-2 1000 0 52

2-3 10,000 0 54

i 3-0-0ý( 0 57 --

S3-O-T(b) 0 51 --

1-1-14(c) 100 0 60

I-I=T(d) 100 0 64

S(a)Indium doping 2 x 1017 atoms/cc.

(b)control sample, no indium doping.

(c)Absorption coefficient, a 0.116 cm-1
(d) = 0.016 cm-I1

i T670
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(see Fig. 15) and could not be further treated in any way.

In this figure samples are designated according to the oxygen U
concentration of the starting materials, i.e., 0 = no inten-

tional oxygen doping, 1 = 100 ppma, 2 = 1000 ppma, and 3

10,000 ppma oxygen. Data are shown for two different samples, I

one designated by prime which contains no indium. Samples

both oxygen and indium doped initially showed no transmission

at 10.6 Um and were subsequently subjected to thermal anneal.

After heat treatment, a sample with no intentional oxygen

doping showed a 63% transmission using a calibrated laser

beam. Increasing concentrations showed decreasing trans-

mission but the range was so low that the accuracy of the

results is questionable. The spectrophotometer traces taken D

after one heat treatment (see Fig. 16) indicate the possibil-

ity of residial free carrier absorption in some of the doped

samples. However, a second cut of samples showed nominal I i

transmission using a 10.6 Um laser beam following a first heat

treatment. A second heat treatment (see Fig. 17) showed essen-

tially a lack of free carrier absorption in all samples, but

extremely poor transmission. The main result of the oxygen study i
was to show that oxygen contamination at these high levels has

extremely deleterious effects on the structural quality of L
the crystal. Crystals become very brittle and polishing

causes excessive pitting of the surfaces. These effects are I

exhibited by extreme variations in optical transmission

caused by scattering. The general crystal bulk was filled

with voids (see Fig. 18) and the crystal had a very black L
appearance similar to soft coal.

The second heat treatment, although carried out under an I
overpressure of Cd, seemed to have been deleterious to all

samples (including undoped or unintentionally doped samples)
A

which may be a result of the existence of an oxygen partial

L
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"pressure in transmission of these samples after processing. As
anticipated, there are general evidences of variations in oxygen
content from nose to tail with the tail of some ingots ap-
pearing to have higher transmission and higher resistivity L
than the nose. However, we feel that an insufficient number

of samples was studied and conditions w i not adequately F
reproducible to draw any additional conc-usions. Great

amounts of oxygen contamination (>100 ppma) obviously must beavoided for high quality optical materi-al as required for the

infrared modulator application. <
j1I

oi:

A j

Li

L
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IV. CONCLUSIONS AND RECOMMENDATIONS

Cadmium telluride appears to be the most promising

material available for modulation at 10.6 pm because of its
low absorption value and high value for the electro-optic

parameter n3  r 4 1 which is 10 x 10 11 m/V. In addition,

large single crystals are available that are capable of
yielding rods as long as 5 cm; because of the relative values
of the electro-optic coefficients, this corresponds to a GaAs
modulator rod of nearly 10 cm in length. Cadmium telluride

Iis also promising for modulation in the 3 to 5 pm region and

may be useful at 1.06 pm. At the present time, an absorption

is observed at 1.06 pm, following thermal anne.l which is not
observed in as-grown (unannealed) material. There is a possi-
bility that this absorption is enhanced by impurity-defect

relationships in the annealed material. This is an area in
which further work is recommended for understanding the
phenomenon and developing CdTe as an electro-optic modulator
at that frequency.

~I •A number of CdTe modulators have been fabricated at
Hughes Research Laboratories (see Figs. 19 and 20), in addi-

111 tion to CdTe windows and leases for 10.6 pm communications.*
The development of CdTe as the promising modulator material
at lu.6 pm has been achieved through the type of investigation

sponsored '.y the Office of Naval Research. In addition, we
acknowledge the program support of Hughes Aircraft Company,
the Air Force Materials Laboratory, the NASA Langley Research
Center, the Atomic Energy Commission, and Advanced Research

U Projects Agency, which has allowed significant contributions
to the knowledge concerning the many applications of cadmium

S~ telluride.

A portion of this work has been sponsored by NASA Langley

Research Center.
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