AFCRL-72-0119
ELECTRO-OPTIC LIGHT MODULATOR MATERIAL BY THM

Fritz V. Wald
Richard O. Bell
Andrew A. Menna

Tyco Laboratories, Inc.
16 Hickory Drive
Waltham, Massachusetts 02154

Contract No. F19628-72-C-0011
Project No. 5620

AD 7404gg

Semiannual Technical Report No. 1

31 January 1972

Approved for public release; distribution unlimited,

Contract Monitor: Charles S. Sahagian
Solid State Sciences Laboratory

The views and conclusions contained in this document are those of the
authors and should not be interpreted as necessarily representing the

official policies, either express or implied, of the Advance Research
Projects Agency of the U.S. Government.

NATIONAL TECHNICAL Sponsored by
INFORMATION SERVICE

sprosfies, & 31 aavanced Research Projects Agency
ARPA Order No. 1434
Monitored by
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES
AIR FORCE SYSTEMS COMMAND
UNITED STATES AIR FORCE
BEDFORD, MASSACHUSETTS 01730



:‘r LLLL & T
- N gt i.j

| T gy O

J:llllurwnunu.'ﬂ' w:ﬂ

T Ll

Program Codc No.

Effective Date of Contract

Contract Expiration Date

Principal Investigator and Phone No.

Project Scientist or Engineer and
Phone No.

Qualified requestors may obtain additi
Documentation Center. All others sho
Information Service,

15 July 1971
14 July 1972

Fritz V. Wald,
AC617-890-2400, cxt. 349

Charles S. Sahagian,
AC617-861-3298

onal copies from the Defense
uld apply to the National Technical

B aammama




Unclassified

Eccudtx Clausification

DOCUMENT CONTROL DATA-R& D

(Security ciasailicetion ol title, body of abatrect end indexing tion muet be d when the overell report is claeeliied)
1. ORIGINATING ACTIVITY (Corporate author) 28, REPORT SECURITY CLASSIFICATION
Tyco Laboratories, Inc. I Unclassified
16 Hickory Drive 5. GRouw

Waltham, Massachusetts 02154

s m—
8. REPORT TITLE

ELECTRO-OPTIC LIGHT MODULATOR MATERIAL BY THM

4. O.llc ll.P‘l:IVl NOTES (Type of rapoti and inciusive daies)
Scientific Interim

8. AUTHORS] (Firaf name, middle initiel, iael name).
Fritz V. Wald

Richard O. Bell
Andrew A, Menna

6. REPORT OATE 78, TOTAL NO. OF PAGES 7b. NO. OF REFS
January 19672
e, CONTRACT GR GRANT nO. ARPA OTUeTr NU. 1132 2. ORIGINATOR'S REPORT NUMBER(S)
F19628-72-C-0011 203
». rmosxeT no. Project, Task, Work Unit . .
Nos. 5620 n/a n/a SemiAnnual Technical Report No. 1
e, IbD Element 61101D sb, g;r:c;:o u'nonon NO(S) (Any other numbers tha! may be seeigned
« DoD Subelement n/a AFCRL-72-0119

10. OISTRIBUTION STATEMENT

A - Approved for public release; distribution unlimited.

e ————
1. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

This research was supported by the Air Force Cambridge Research Labs(LQ)

3 L.G. Hanscom Field
Advanced Research Pro;eqts-Agency Bedford, Massachusetts 01730
19, AGSTRACT

~" The experimental work discussed in this report is mostly concerned with
the synthesis of the 1l IV V' compounds, and the regrowth of the synthesized
material by the traveling heater method (THM). Efforts to grow cinnabar by
THM were continued with some success, Hydrothermal growth of cinnabar has
been started. It is planned to continue a run for 2 to 3 months. Work on
Bi4Ti3Opg was continued but so far has not been successful.

N

"y /

DD %% 1473 oatciirs ta7amiy Uds! 4% oo moen s Unclassified
“Recurity Classifica’ion




Unclassified

§;cutlty Cisssificstion

KEY WORDS

LINK A

LINK 8

LINK €

ROLE

wT ROLE

LED 4

ROLE

LAS

Electrcoptics materials
Cinnabar-HgS

Proustite

I IV V9 compounds
Crystal growth

1

Security Classification




AFCRL-72-0119

ELECTRO-OPTIC LIGHT MODULATOR MATERIAL BY THM

Fritz V. Wald
Richard O. Bell
Andrew A. Menna

Tyco Laboratories, Inc.
16 Hickory Drive
Waltham, Massachusetts 02154

Contract No. F19628-72-C-0011
Project No. 5620

Semiannual Technical Report No. 1

31 January 1972

Approved for public release; distribution unlimited.

Contract Monitor: Charles S. Sahagian
Solid State Sciences lL.aboratory

The views and conclusions contained in this document are those of the
authors and should not be interpreted as necessarily representing the
official policies, either expressed or implied, of the Advance Research
Projects Agency of the U.S. Government.

Sponsored by

Advanced Research Projects Agency
ARPA Order No. 1434
Monitored by
AIR FORCE CAMBRIDGE RESEARCH LARORATORIES
AIR FORCE SYSTEMS COMMAND
UNITED STATES AIR FORCE
BEDFORD, MASSACHUSETTS 01730



ABSTRACT

The experimental work discussed in this report is mostly concerned with
the synthesis of the I IV V2 compounds, and the regrowth of the synthesized material
by the traveling heater method (THM). Efforts to grow cinnabar by THM were
continued with some success. Hydrothermal growth of cinnabar has been started.
It is planned to continue a run for 2 to 3 months. Work on Bi 4Ti3012 was continued

but so far has not been successful.
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I. SUMMARY OF OBJECTIVES

Due to some encouraging results in growing cinnabar by THM, some effort
will be continued in this area, It was found that a modified THM-vapor transport
method has produced a light-transparent crystal ~1,5 cm long and 0.5 cm in cross
section, Based on this result, another run is under way to see if this technique
is reproducible, The hydrothermal growth of cinnabar has been started and will be
continued for 2-3 months depending on how well the pressure vessel holds up.

The synthesis and THM growth of the AII BIv sz compounds will be con-
tinued, So far, initial experiments have indicated the possibility of growing
CdGeAs2 by THM using Sn/Ge mixtures and particularly Pb as solvents. Experi-
ments with ZnSiP2 have had little success so far, Presently attempts to synthesize
CdGeP2 are underway. A concentrated effort will be maintained toward perfecting
the THM growth of CdGeAs2 and synthesizing CdGePZ. Once the synthesizing methods
have been developed, growth by THM will follow,

Work on the growth of Bi 4T13012 is going on presently, It is hoped that a
solution to the problems of growing this material by THM will be found. The pre-

sent difficulties are of an experimental nature, namely;

1. To obtain a durable furnace which can run at a sustained tem-
perature of from 1100°C - 1150°C for 2 weeks without failure.

2. Find a substitute crucible to replace the expensive Pt crucibles

which have been used.
Experiments indicate that sapphire tubes, produced at the Saphikon Division

of Tyco Laboratories, make suitable molds to precast the mixed Bi203 and TiO2
powders into solid rods of feed material and may also be able to serve as crucibles

for crystal growth,



II. SUMMARY OF SCIENTIFIC WORK*

During this second quarter, some work was continued on HgS {cinnabar) and
a moderate effort was made towards Bi 4Ti3012. Very little time was spent on
p-roustite(AgaAsss) , and most of the effort was on the synthesis and THM growth
of the I IV V2 compounds, in particular, CdGeAsz, ZnSiP2 and CdGePz.

A modified THM method was employed in the regrowth of HgS. It is a com-
bination of THM and vapor transport. A two-zone furnace was used instead of the
usual single-zone arrangement normally used in THM, The method will be dis-
cussed further in Section IV. The results were the best we have yet obtained. A
transparent crystal ~1.5 cm long with 0.5 cm cross section was one of a cluster
of three obtained. Further work will determine the reproducibility of this method.

An experiment has been started employing the hydrothermal method to grow
HgS using a new stainless steel pressure vessel internally coated with Teflon. The
experiment has been running for several weeks so iar without any leakage develop-
ing. It will be continued for at least 2 months. The vessel has a capacity of ~500cc.
A Teflon support for the seed extends from the bottom of the vessel almost to the
top. The three seeds (two HgS and one CdS) are held in the upper third of the vessel
by holes drilled into the Teflon rod (see Fig. 1). At the base of the seed support,
~20 g (three vapor grown rods) of HgS are placed to serve as feed material. A
gradient of ~50°C has been obtained by heating only the lower third of the outside
of the vessel, The average temperature in the vessel is ~ 200°C. Temperatures
much higher than 200°C tend to degenerate the Teflon lining,

Further attempts were made to grow BizTi‘.‘;()12 by THM but without satis-
factory success. Only very polycrystalline material was produced. A problem
with the solvent vaporizing out of the crucible and reacting with the exposed heating

*All crystal growth: runs are summarized in Table I

Preceding page blank
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Fig. 1. Hydrothermal growth setup (1/3 actual size)
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element caused degeneration and subsequent burnout of the heater. The loss of some
of the solvent may have been the cause of the limited success.

The only work done on proustite was to determine the operating tempera-
ture profile. This was achieved by using an ampoule which had a thin Pyrex tube
passing completely through the middle of it. Through this tube, one could pass a
very small thermocouple and thus by having the ampoule clamped in position in the
furnace, a profile was easily measured. The ampoule was loaded such that ~ 2 cm
of proustite was cast into place at the bottom, followed by 1 cm of solvent (Ag1.6
ASO.GSI. 4) and this was followed by ~ 3 cm of proustite cast on top of the solvent
so that the system represented closely a normal THM run. The experiment showed
that very little change occurred in the profile when the ampoule was empty or loaded.
This is believed to be due to the low thermal conductivity of th: materials used. In
the case where a material has a higher thermal conductivity, a greater flattening
and broadening of the profile occurs.

During this quarter, we were successful in synthesizing CdGeAs2 con-
sistently, THM regrowth of the quenched castings has also been successful using
Sn or Pb as solvent. However, the Sn solvent was found to react with CdGeAs2 to
form CdGeAsz-CdSnAs2 solution. X-ray analysis showed that the material which
grew first had a deficiency of Ge and this was apparently substituted for by Sn. A
second sample taken ~ 2 cm from the bottom of the ingot showed a trace of Sn which
means that, once the solution reaches equilibrium, it is useful as a solvent, Thus,
a Sn-Ge mixture could be a proper solvent in this case but the phase equilibrium
here needs far more elaboration to confirm this conclusion. Lead is a far better
solvent, since a lead zone passed completely through the solid cast of CdGeAs2 and
the X-ray analysis showed no measurable Pb in the regrown sample. So far, only
polycrystalline boules have been regrown and optical measurements have shown no
transmittance which is probably due to the large number of grain boundaries and/or
impurities.

We have managed to partially synthesize ZnSiP2 through a long time-low
temperature procedure at ~ 450°C, This material is not completely reacted but
we plan to remove it from its heavy walled ampoule and regrow it using Sn as a
solvent if it is usable as regrowth material,

Along with the other 11 1V V2 compounds, we have been trying to synthesize

CdGeP,, using a two-zone furnace. Again not until we know exactly how to

2



synthesize the material safely and efficiently will be able to regrow this material
by THM. Here some mention must be made about the difficulties of synthesizing
high melting phosphides in general and phosphides which contain also a group II
metal in particular. Any attempts at direct synthesis from the elements have the
substantial danger of an explosion associated with them, This is due to the some-
what unpredictable behavior of red phosphorous on heating and the unpredictability
of the reaction rates for the highiy exothermic group IIb phosphides. If any sudden
heating due to reaction vccurs at a time when free phosnhorous and free Cd or Zn
are still around, the vapor pressure usually exceeds the pressure capabilities of
quartz ampoules and a fiery explosion is the result, Only autoclaving or very slow
reaction via slow and preferably directional heating is successful, Alternatively,
chemical exchange reactions of some type could be sought but this is a lengthy and
cumbersome search, Thus, the severe difficulties of simply preparing iarge amounts

of such phosphides must be recognized here,



IlI. PLANS FOR THE NEXT THREE MONTHS

‘The work planned for the next 3 months will consist of the following:

1. Synthesizing CdGeAsz and improving the quality of the THM
grown material as weil as attempting to find solvents other than Pb.

2. Synthesizing CdGeP2 which so far we have not been able to do, If
we are able to form the compound, we will then attempt THM regrowth,

3. Possibly synthesizing and growing by THM other selected II IV
V2 compounds,

4. Continuing the hydrothermal growth of cinnabar and the THM-
vapor transport regrowth as time permits.

5. Initiating growth experiments and other materials of electrooptic
interest such as CdSe.

Preceding page blank
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IV. DESCRIPTION OF EXPERIMENTAL AND THEORETICAL RESULTS

A. Crystal Growth Section

1. Cinnabar

a, Vapor growth: The vapor growth of HgS was halted during
this period having produced an adequate supply of feed material for any THM or
hydrothermal growth planned for the near future.

The procedure here is to pack an 8-mm-i.d. quartz ampoule with HgS
powder or pressed pellets (pellets allows more material per unit length where a
larger ingot is needed). After evacuation, the ampoule is placed in a moveable
horizontal furnace with the temperature set at 600°C. By holding the ampoule in
a stationary position and moving the furnace back, the HgS vapor crystallizes on
the cooler end of the ampoule thus forming a polycrystalline plug of cubic meta-

cinnabar which in time converts to very polycrystalline trigonal cinnabar.

An attempt was made to anneal a section of this polycrystalline vapor
grown material in vacuo at 300° C to produce larger grain size and hopefully see
possibilities of using this method for improving crystal quality. After 4 weeks
of this treatment, very little improvement was noticeable - except that the ma-
terial was a more definite vermillion color.

b. Hydrothermal growth: An experiment was started during

this period using a new, smaller stainless steel autoclave which is completely
lined with Teflon. This run will be coqtinued for 2-3 months, if no problems
develop (Fig. 1). The autoclave capacity is ~ 500 ml when nearly filled to the top
with 0.5M Nazs, seed holder, and feed material, There is only ~ 20 cc of air space
above the solution level,

The basic method used is essentially that discussed by Y. Toudic and
R. Aumont4 and also S.D, Scott and H.L. Barnes.5 The procedure used was as

Preceding page blank
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follows: The autoclave (made by Autoclave Engineers, Inc.,) was thoroughly
cleaned and dried. The Teflon seed holder containing the seeds and feed material
(HgS) was carefully lowered into place. Approximately 500 ml of fresh solution

of 0.5M NaZS was prepared to which 10 g of powdered HgS was added to presaturate
the solution.  The solution was carefully poured into the autoclave to nearly the
top of the container (~ 2 cm from top) and the plug and pressure flange were pro-
perly seated and tightened. The loaded autoclave was then carefully dropped into
the heater and support section of the setup and brought to temperature (200°C).
The temperature profile on the outside surface of the autoclave was measured and
found to have a 50°C gradient between the bottom where the feed HgS rests and the
top where the seeds are located. This experiment has been underway for several

weeks and plans are to continue it for 2-3 months.

c. THM growth; Three more experiments were run during

this period: one regular THM run using the standard THM methods and two using
a modified THM vapor growth method. The regular THM run again produced the
usual polycrystalline solvent-included boule. The modified method, however, holds
son.ie hope to produce reasonably good sized crystals in the order of 1 cm by 0,5 cm
in size, Fig. 2 (run 26B) shows a photo of a cluster of fairly transparent red crys-
tals of HgS. Fig. 3 shows the regrown Hg$S before removal from the Pyrex ampoule
in which it grew.

Run 26B was conducted in a two-zoned heater, the upper one being ~10cm
long and the lower ~ 0.5 cm long. These kanthal elements are supported by a
15-mm-o.d. quartz tube with 1-mm-thick wall. The upper heater was maintained
at 300 °C and the lower heater at 460°C. The ampoule was made of Pyrex glass,
the upper section was 8-mm i.d. and 9 cm long and the bottom section was ~ 5 cm
long and ~ 4 mm i.d. The solvent (KZS 4) was precast into the narrow bottom
section of the ampoule and HgS powder was gently packed on top 0 a height of 6 cm.
A glass plug was placed on top of the packed powder and the ampoule was evacuated
and sealed at an overall length of 14 cm. The charged ampoule was placed in the
hot furnace with the bottom tip of the ampoule just where the hottest spot of the
lower heater would be, After setting in place for ~ 1 hr, the ampoule was dropped
at a rate of 2 mm/day until all the feed material at the top appeared gone. This
took ~ 3 weeks, The results were very encouraging. A considerable amount of HgS

_12-



Fig. 2. Shows cluster of HgS crystals separated — run 26B

Fig. 3. Shows the regrown HgS before complete removal from
lower section of ampoule

-13-



regrew as red transparent, good crystalline quality material, A section was
polished to 1-mm thickness and the optical tr:insmission checked. Even though

the slice was transparent, the impurity content is apparently high cnough to give
poor results. Only ~ 5% transmission was recorded. The method seemed to hold
some promise and so to confirm that this was not an accident a second run (35B)
was completed (Fig. 4). aithough the crystal quality was not as good this time, it
did convince us that the method works. Perhaps by adjusting certain growth, and/or
furnace parameters this method can be improved upon.

What seems to be happening here is that instead of creating a single
cross-sectional interface between the feed and itself, as normally occurs with
THM, the solvent surrounds the regrowth, After ~ 2 days, a space develops between
the feed and the solvent. Within this void, vaporized KZS g4 acts as the transport
medium replenishing the solvent with nutrient (HgS) for the growing crystals. The
300°C upper furnace prevents the solvent from being lost to the feed which hangs on
its own, ~ 1 cm above the solvent zone. The fact that the feed is a powder provides
the solvent vapor with a large surface area to work on, thus increasing the rate at
which the solvent zone receives the feed material. Since Kzs 4 apparently is just
not good enough when used as a solvent in the conventional THM approach, the
explanation seems to be one of mere surface area and liquid-vapor-liquid transport.
We speculate that the process was as follows: The solvent was heated to ~ 450°C
and some of its vapor reached the feed material, whereupon the two combined as a
liquid and ran back down to the solvent zone where crystal growth occurs - just
below the lower edge of the bottom heater.

In general, there is also some reason to believe the solubility of the HgS
in the potassium polysulfides may be affected by which polysulfide one is using,

i.e., the more sulfur atoms attached to the molecule, the lower the solubility. The
higher the polymer the more viscous the solvent which in turn slows down the
diffusion rate of the solute at operating temperature, K253 melts at 252 °C whereas
KZS 4 melts at 145 °C, The fecling has been that the lower melting Kzs 4 would make
a better solvent, but if, in fact, the K253 is less viscous, it may be a better sol-

vent to try.

2, Bi4Ti3012

Three more runs were made during the past 3 months. All were un-

successful for the following reasons: (1) furnace failure, and (2) vaporization of

-14 -
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Fig. 4. HgS regrowth by THM vapor transport technique —

run 35B
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solvent causing separation in the solvent zone. The regrowth has becn of very
small crystalline size and very porous. The last run (38B) did produce 2 solid
regrown section of ~ 1.2 cm long and 1-cm diameter but this regrowth was from
feed pellets which consisted of a 10:1 mixture of Bi203 +T 102 (the other runs wcre
~5:1 by wt). The material was checked for transmission characteristics (see
Fig. 5). Definite X-ray characterization is still outstanding at this tirne but the
general growth habit is such that one can be fairly sure that another bismuth
titanate with a stoichiometry different from Bi 4Ti3012 resulted.

The procedure used in this work is as follows. Powdered Bi203 and TiO2
are thoroughly mixed in the proper amounts. The mixed powder is pressed into
pellets ~ 15 mm long and 9 mm in diameter and sintered overnight in a muffle
furnace at 900°C. Two pellets are placed on top of a 1-cm precast zonc of Bi203
in a 1-cm-diameter platinum crucible. A platinum lid is placed over the charge in
the crucible which is ~ 5 cm long and open at the top. The charged crucible is
dropped through a THM furnace, The temperature in the center of the furnace is
set at 1050 °C where the furnace element itself is ~ 1100°C. The dropping rate in
general is ~ 3 mm/day.

3. AII BIV sz compounds

CdGeAszz Several boules of CdGeAs, were synthesized
during the past quarter for The use as feed materiai for the THM regrowth.

The procedure used is to weigh into @ clear quartz 1-cm-i.d. ampoule the
proper proportions of Cd, Ge, and As metals, The ampouleis immediately evacuated and
gealed to prevent oxidation of As metal. The sealed ampoule is placed in a hori-
zontal furnace preheated to 450°C. After 1hr, the temperature is raised slowly
to 600 °C and left overnight, The following day the temperature is brought to 730°C.
During this time, the ampoule is rotated periodically by an attached kanthal wire
which extends out of the furnace, When assured that the melt is complete and homo-
geneous, the ampoule is removed from the furnace and plunged vertically into a
dewar of liquid nitrogen. The liquid N2 quench is necessary in order to prevent
oxidation of the casting which invariably cracks the ampoule as it passes through its
phase transformation (630°C). Very good quality castings have been produced this
way and only hair line cracks have been found occasionally which have no effect on

use as feed material for THM.

- 16 -
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So far, we have tried Sn, Cd, Bi, Pb metals as solvents. The solubility of
the compound in both Cd and Bi is too low at the growth temperature (~600°C) to
be useful. Sn and Pb do pass completely through the casting. The regrown material
so far is very polycrystalline and not transparent to IR. Sn is not as promising as
the Pb, In the case of tin, the initial material has a deficiency of Ge and a substitu-
tion of Sn but nearer the top of the regrown ingot, X-ray checks show that the
CdGeAs2 contained only traces of tin in the lattice. This would suggest the Ge
should be added to the Sn at the beginning, thus establishing an equilibrium condition
and not changing the stoichiometry of the regrowth, Fig. 6 shows the regrown
CdGeAsz from run 30B using Sn as solvent. The material regrown using Pb as the
solvent, from a standpoint of purity of material, was much better but the crys-
tallinity was poor. The boule contained many grain boundaries and probably solvent
inclusions. The Pb in the regrown ingot was almost undetectable by fluorescent X-ray
analysis. A slice of this run (40B) was polished and checked for optical trans-
mission but perhaps due to the grain boundaries and impurity absorptions, no

transmission was observed,

-18-



Fig. 6. THM grown CdGeAs2 using tin as solvent
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