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ABSTRACT

’

This report describes in detail the technical progress made during
the third six months of a three yesr 1ntor&10ciplinory-;eocorch program
titled: "8§odrab10 Volume and Surface Spin Waves in Ferrimagnetic Films".
One major goal of the program is the growth of yttrium-iron garnet (YIG),
single crystals of high quelity in both thin film and bulk form. Another
is the development of novel techniques for controlling and studying energy
propagetion characteristics of volume and surface spin waves. One promis-

ing techiique for accomplishing for former is the use of chemical vepor

'dcponitton (CVD) and our cumulative progress with this method is recounted

fully. The latter goal is being met by a combinetion of optical and
microweve techniques used to probe the dynamics of spin weve propagetion.
The optical experiments were described in the lest seni ennual report; our
microvave propagction studies of magnetostetic surfsce spin vaves in YIG
slabs are prasented herein. Specificelly: .

Single crystal films of YIG up to 2.4 microns thick were grown epi-
taxially on nonmagnetic garnet substrates. The films were deposited by
the chemical reaction of gaseous yttrium and iron chlorides with water
vapor and/or oxygen in an open system et 1200°C and 2.5 Torr., Forromsg-
netic resonance linewidths in the range of one oersted snd highly uniforn
dom;in pstterns were observed on smooth and crack-free films deposited on
GGG,

The thermodynamic characteristics of the system were examined through
computer calculations of the equilibrium gas phase composition and of the
free energy changes for deposition of various oxide phases. Certain cx-
perimental results are expleined and the theoretical effects of changing
certain grovth conditions are eiiamined using the resultes of the caleculn-

tionsa,



It is proposed that the ab.en;e of vapor phase nucléhtion et low
pressure and the relatively low rates of deposition in tye present system
are due to the high gas velocity through thé deposition zone et reduced
pressure. |

The propagation of surface waves along a ferrite slab surface trans-
versely magnetized in an arbitrary direction is studied theoreticelly and
experimentally.,

First, properties of volume maguectostatic waves are reviewed. The
approach &nd techniques used are then applied to the case of surfece waves.
Norlal modes of a transversely magnetized ferrite slab are solved.

Non-reciprocal surfece modes with e well defined frequency band are shown
to exist only when the angle between the magnetization end the slab surfece
is smaller than e certain critical angle. .Qcyond that angl., only discrete
volume modes can be supported. !urthcrmérc. the surfece wavo propegation
constant and transverse mode pattern are controlled by the magnetizetion
direction, The possibility of switching surface ﬁodcl is discussed.

Experiments conducted far surface weves c£'3.0 to 4.0 G.HZ. using fine
wire excitation are discussed, The meterial used is a YIG single crystal
slab with a (11u) plene surface but msgnetized transversely in (100) plane.
Experimental results generally confirm all of the theoretical predicti;na
axcept that the measured pulse delay tiwme deviates from the theory mainly

due ¢0 incomplete sample seturation.

-



I. INTRODUCTION

The Microwave and Quantum Magnetics Group and the Crystal Physics
Laboratory, both within the M.I.T. Center for Materials Science aud
Engineering, have undertaken a threc year interdisciplinary program in
the area of "microwave magneto-ultrasonics' aimed at further developing
several novel concepts which may lead to new and/or improved solid state
devices employing electromagnetic/spin/elastic wave coupling. Device
possibilities include multi-tapped dclay lines, magnetoelastic beam
svitches and pulse compression filters. In particular, the research pro-

gram will concentrate on the growth and exploitation of improved single
crystal yttrium iron garnet substrates in which volume and surface spin
wave propagating at microwave frequeﬁciao can be magnetically steered
and/or othervise controlléd.

In order to produce crystals of yttrium iron garnet of the quality
needed for the research envisioned in this program, twc major constraints
must be dealt with, First, the crystals must be of the necessary high
quality to avoid introducing extraneous effects due to grain boundarias
and strain inhomogeneities. The chemicul purity is of major importance
since rare earth impurities drastically increase spin wave reiaxation
rates. Sccond, the growth technique should permit ready fcbrication of
the types of structures desired, sich as multi-lever configurations and
thin slabs. Consequently, both chemical vapor deposition (CVD) tech-
niques and top seeded solution (ISS) growth appcar attractive and both
will be employed throughout the entire contract period. TLin films and
bulk crystal substrates will be evaluated ;ptically, magnetically and
acoustically for purity, homogeneity and low losscs. Promising specimens
will be used for magnetostatic wave and exchange dondnated opin vave

propapgation experinents ot microvave frequencies,

B dl
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A surface spin wave propagating parallel to an air-crystal boundary
of a thin film has its energy largely confined within some characteristic
distance that under certain conditions should be magnetically controllable.
In one instance causing the energy to be closely confined to the surface
and in another allowing it to spread out and fill the entire film., Volume
spin waves are also subject to magnetic control. For example, beam oteer-.
ing is possible due to dipole-dipole interactions ﬁhat in turn can be
influenced through directional changes in the magnetizing field.

A high power (50 mw) He-Ne laser operating continuously at 1;15u has
been obtained for use in producing Bragg scattering from elastic and spin-
elastic microwave packets within YIG crystals. This high resolution system
which is now operational forms the basis for studies of spin-alastic con-
version in spatial and/or temporal gradients of magnetic field.

The CVD furnace is operational and has to date produced a number of
_high quality YIG films. Microwave studies on the propagation of magneto-
static surface spin waves have been successful and have revealad the im-
portance of a high degree of surfece perfaction.

The masters degree theses of R. Gentilman and J.K. Jao have been
completed and form the basis of this report.

Dz. A. Linz has been assigned responsibility for overseeing the top-
seeded solutivn crystal growth and chemical vapor depobition program,
Profeasor D.J. Epstein for crystal evaluation with réspect to magnetic
propertics and Professor ¥.R. Morgenthaler for microwave spin wave prop-
agation studics; as principal investigator the latter has overall re-

sponsibility for coordinating the various phases of the research.



GROWTH OF YTTRIUM IRON GARNET (YIG) SINGLE CRYSTAL FILMS BY

CHEMICAL VAPOR DEPOSITION (CVD)

by
Richard Gentilman

The material which follows is identical in content to a thesis
gsubmitted to the Departuwent of !etallurgy and liaterials Science

on May 14, 1971, in partial fulfillment of the requirements for
the degree of Mastar of Science.
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I. INTRODUCTION /

A, Yttrium Iron Ganvet

Yttrium iron garnet (YIG) is a mixed oxide which is ferrimagnetic
with properties that find application in magnetic devices operating at
nicrowave frequencies. YIG is one of a class of synthetic materials
produced by making ionic substitutions in the mineral "garuet",

033612813012.

vhers "A" is one o: more of the following trivalent cstions: Y or the

The synthetic garnets have the genersl chemical formula:

II1

111, 111,

5 12

vers earths Pa, Sm, Bu, G4, T, Dy, Ho, Zr, Twm, Yb, snd Lu; "B" is one
cr more of: Fe, Al, end Ca.
The garnets possess cubic symmetry bdt not a simple crystsl
otructuro(l). The lergs oxygen enions ere not precissly close-packed.
The "B" ions occupy tetrahedral sites, but the somevhat lerger "A" ions
are coordinated by 8 oxygsns - four slightly more distant than the others.
Right ‘3‘5012 units form s cubic unit cell of latice parameter 12.0 to
12,58, The room temporeturs lettico constant of YIC is 12.,.378; ita X-ray
density is S5.17 g/cc.
Only the iron garnets ars ferrimagnatic. YIC hss e Curie temperature
of 530°K end the Curie points of ell the other simpls iron garmets fall
_within about 20°K of this temporature. Ths room tempereture seturation
magnetization (bﬁl.) of YIG is approximately 1700 gauss.
The magnetization of YIC, like that.of most ferrimagnetic asubstances,
decreascs swoothly and monotonically with increasing temperature and goes
to zero at the Curie paint, Hovever, cnr;nin rave carth fvon gerncts

exhibit dractically different GRM. v, T relationships (Pigere 1),  Unlike
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Figure 1: Temperature dopendence of the magnetization of some
iron garnets
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III. rare earth "A" cations make a small but signi‘icant contribution

Y
to the overall magnetization of the garnet - especially at low temperatures.
Ih somec rarc esrth garnets, this coatribution causes a sccnd point of
gero magnetization at the “compensation" tempecrature som?what below the
Curie point(z). By combining two or more different "A" ions, it is
possible to produée a garnet with a temperature dependence of magneti-~
zation which is a superposition of those of the comstituent simple
garnets.

Other types 9£ ionic substitutions are of interest. Replacing
nonmagnetic Ca or AL for Fe decreases the saturation magnetization

approximately linearly(s), rclll IV.

ions can also be replaced by Si
The substitution of silicon causes other iron cations to become divalent;
thus the normally insulating crystal becomes clectrically conductive.

Other properties, such as magnetic anisotropﬁ. magnetostriction, and

lattice spacing similarly can be modified by mixing two or more

simple garnets. Special purpose mixed garnets with up to six dificrent
cations have been rcported(‘)'(s). '

The particular characteristic which makes the magnetic garnets
attractive for microwavs spplications is low magnetic loss in this
frequency range comparcd with other magnetic materials. The parameter
uhich>charactcr1:el microwave losses is the magnetic resonance line-
vidth. YIC @as the narrowest linewidth of all known magnetic matcrials(6).
Duc to its low loss characteristics, YIG classically has fcund application
in various mirrowave mapgnetic componcnts surh as fsolators, circulators,
phase shifters, etc.:7). However, the subsiitutlon of cven small amounts of

111 I11

81Iv for Fe or rarc earth ions for Y causcs & greatly increascd

1incwidth In ch(s).
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Many ncw dcvice applications and the minaturization of existing
components can be envisioned if magnetic garnets can be prepared'as

<9). In particular, good quality films could be

thin single crystal films
used as magnetoclastic surface wave devices. It ir possible to manip-
ulate or "steer" surface waves with magnetic fieldssuch that, in principle,
signal processing can be done on the surface of thc garnet mé.“”rm
leads to the possibility of developing integreted microwave circuitry
analogous to present day elgctronic integrated circuits.

Other applications for magnetic garnet single crystal fflns ﬁave
been suggested. One is for the bubble domain memory currently under '
dcvelopment‘ll). In this casc, small cylindrical domains are created and
propagated digitally within the £ilm - each. "bubble" corresponding to a
binary "bit" of information. Pure YIG is not used for bubble materials
becsuse of the high magnetization. Inutea&. various ionic substitutions
ate niade to reduce the magnetization (so that 4HM.£’150 gauss) and to
produce a uniaxial anisotropy. . '

An additional potential application is to exploit the magnetooptic
properties of transparent magnetic films in display devices.

In all the applications discussed, uniform and highly perfect films

are required.

B. éhemlcal Vapor lleposition

Chemicfl vapor deposition (CQD) d‘ocriﬁco a process by which a solid
gbaoc is formed as the product of a chemical reaction 1n§olv1ng one ¢t
more gascous species. CVD was first u;ed to form polycrystalline coatings
of refractory metals but has since been us;d to pro&uco a multitude of
metals and compounds ac polycrystalline deposits and single crystnla‘lz).

CVD fuvolves a raterial transport process as well as a ehemical

[ ~—y
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reaction since the gource of the rcacting gases must be external to the
reaction zone. In floy systems, reactant gases are transported to and.
by-product gascs from the deposition zone by forced convection. In CVD
systems, a gascous metal halide is frequently used when the vapor pres-
surce of the purec metal is too low at the deposition temperature.

As a crystal growth technique, CVD offers scveral advantages over
other techniques. The growth process is isothermal; thevefore, strains
and other problems caused by thermal gradients inherent to pulling
techniques are eliminated. High purity cryutals can be attained because
all reactants are gaseous and the transport process acts as a "distilla-
tion" against many potential impurities. Thirdly, CVD offers continuous
and indabendent control over all reacting species since the flows of the
gases can be recadily metered and controlled. This type of control is
absent in other crystal growth methods in which thic composition is fixed
by the inigill batch composition. |

Some unaitractive features of CVD are: (1) CVD systems are inherently
complicated due to the number of (particularly composition) parameters
which need to be optimized and controlled, and (2) usually large singie
crystals (centimeter dimensions or iarger) are not obtained.

CVD is well guited to the growth of epitaxial single crystal films
by placing a suitable aubstrate single crystal in the deposition zonc.
The process is also ideal for creating composition gradicnts in crystals
by simply changing certain ges tlgw rates with time.

C. Growth of YIG by CVD

Praviously rcporied systems, The first reported growth of YIG by

CV)) was Linarcs and McGraw in 1964(13). Utilizing the assumed overall

reaction:
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3YC.l3 + .'»,PcCl3 + 12H20 - 13?c5012 + 24HC1

gas gas gas gas

at atmospheric pressure and 1050-1150°C, these workers grew YIGC crystals
approximatcely 0.5 wmm. in size for a 24 hour run. The following year, the
same workers reported the growth of YIGC films on ¥3A15°12 (YAG), '3°‘s°12
(¥GG), and Gd Gaso12 (CGG) of sn estimated thickness of 400 X for a two

3
(1‘). In the above work, a straight tube furnaca with thraa

hour run
temperature zones was used. Crucibles containing the solid metal chlorides
were placed in the first two zones (P0013 at 330.0. YCI, at 1050.0) in
order to produce an equilibrium vapor prassure of 1 Torr. The chloride
vapors were transported by a flow of argon to the third some (T = 1100°¢)
and there rescted with "wet" oxygen.

Two years later, Mee et .1.(15) reported vhst they called tha first
"proven™ growth of epitaxisl films of YIG on YAG and CdyFa 0, , (G16).
(In their pasper, thcse workars prasentad arguments intendedé to discount

‘the results reported by Linares et al.). They assumz an overall reaction

of:
3¥Cl. + Srecl, + 2.0 + 30, = ¥.¥a.0.. + 19HCL
3 g ¥ 0 * 50y = YaFag0y,
gas gas gas gas gas

[ ]
and deposit films at atmospheric pressure and about 1200 C in & T-s)aped

16),Q7) o

reactor. Later publications by the same workers
ferromaguccic resonance measurements on & veriety of.CVD-produced YIG
films., Typical Anewi<th values were 12-15 oersted for YIGC on YAG and
0.6-3.0 oersted for YIG on GGG, The linewidths for the latter cas are
extremely narrow :.d indicative of very hiéh quality single crystal YIG.
The somewhat larger linewidths observed for YIGC on YAG are caused by the
strceses dn the filn developed during cooling from the crystel growth

temperature by the thormal expansion mismateh with the substrntm(ls).
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Robinson et al;(29) have rcccptly repo-ted the epitaxial growth of
aixcd terbium crbium ;ton garnet by CVD. The system used was a straight
tudbe fqrnace similar to that of Linmares et al.(14). One significant
difference is that no vater vapor was present in the nyitcm. Oxygen was
the only oxidizing gas introduced into the deposition zone.

(20)

Stein has reported the CVD growth of epitaxial GIG. The systen

and techiiques used were closcly modeled after those of Mee et nL.(17).
Filme 0.3 to 3.0 microns thick were grown during onc hour runs at
1100-1200°C. .

The above, p;cviously reported YIG-CVD gystems have several features
dn common: (1) the reaction of the metal chlorides with water vapor
and/or oxygen occura at one atmosphere pressure and about 1200'6, (2)
the metal chloride vapors are produced by subliming the solid chlorides,
(3) the forced flow of an inert gas transports the chloride vapors to
the reaction zone.

None of :'ic works report amy investigation of the thermodynamic or
kinetic characteristics of the CVD proccsa. Some magnetic characteri-
gsation of the films has becen reported, but no serious attempt to relate
magnetic propertics to material cheracteristica or to thc; cystal growth
conditions has beecn reported.

Comparison of present system with previous systems, The crystal

growth system used in the present work diffexs in ot lcast two aignifi-
cant reupoc;a from the previous systems: (1) the rcaction occure at
reduced pressure (2-10) Torr) and with no appreciable flow of inert
gas, and(2) gascous metal chlorides are produced by dire-t chlorination

of the metals:

15
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3
Y+ 5012 u YCl3
gas gas

¢ .3 s ¥
Fe + 2C12 }0013

gas gas

(21)

In these respects, Lhe present system is similar to those used by Schaffer

(22? to grow high quality bulk single crystsls of A1203

and Fonstad et al.

and Snoz. respectively, In these systems, the metal chloride is genexsted

in a chamber external to the growth furnace. In the present system,

however, the chloriqation reactions occur inside the furnaca due to the

higher temperatures required for suitabla partial pressures of the chlorides.
One major advantage of direct chlorination to produce the gaseous

chlorides is that direct control is available by metering the flow of

chlorine to the reactors containing each meta. 8ince the chlorination

raactions cssent@ally go to completion for a wide range of temperaturcs,

.the chloride transport rate is, thus, independent of temperature and is

determined by the input chlorine flow rate only. This diract control is

attractive for the growth of ternary compounds like YiIG, It ia especially

attractive for growing crystals with controlled composition gradients

since the chloride transport rates can be systematicilly changad during

a run. The chloride transport rate for the nubliuatiop mathod used by.

the previous works, however, depends upon temperature, the inert gas

flow rate, and thg details of the gas flow patte~ns in the vicinity of

the crucible containing the solid chloride.

D. Prcsent Rescarch Objectives

The object of the present work 4s to grow YIC as strain-free,

epitaxial sfugle crystal films of suitable diwcnsions on nohmagnetic

e



substrates. "Suitable dimensions" will be Eaken to be a minimum of

4 microns thick by 0.5 em. on an edge. Films with these dimensions will
be suitable for evaluating prototype magnetic device applications. In
order to minimize the strains, it'will be necessary to grow the films

on substrates with similar thermal expension coefficients. Fortunately,
Gdacaso12 (GGG) hﬁs a lattice constant nearly identical to that of YIG

and has a considerably closer thermal expansion match with YIG than

(18) GGG is, therefore, an ideal substrate. Good

other simple gardets.
quality Czochralski grown GGG isnow commercially available. Ultimately,
the quality of epitaxial YIG films will be limited by the quality of
the substrate; defects present in the substrate are transmitted to the
filn as it grows. '

The present work also will attempt to investigate the theérmodynamics
and the kinetic characteri;tico of the growth process. Also, initial

attempts will be made to relate characteristics of the YIG films to

crystal grbwth conditions.

17
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11,  EXPERMCIVAL PROCEDURLS

A. Deceription of the Systen

A block diagras of the CVD syatem is given in Pigure 2.

Pressure regulated flows of hydrogen, oxygen, and chlorins (three
independent flovws of chlorine) are metered through 150 mm. flowmeter
tubes with spherical floats (Brooks; Matheson). The flowmeter tubes
were individually calibrated snd considerable devistion from manufsc-
turer-cupplied calibration curves vas found. Hydrogen and oxygen
calibrations vere made with a precision volume displacement meter
(Matheson). The chlorine flovmeters were calibrated both by displace-
ment of a saturated chlorine and sodiwm chloride agueous solution and
by displacing lui.i_u into the precision volume meter. 7The calidbra-
tions obtained by these two methods used for chlorine agreed to withia
2 pexcent. '

Tvo needle valves - one upstresm and one dowvnstrcems ~ and & pres=~
sure gauge are used vith each flowvmeter. With this arrangement, both
the pressurs and the desired meter reading can be adjusted. This is
importent because the flowmeter calibration is correct only for a
epecific pressure (onc atmosshere). There is a toggle-type shut-off
valve in scrics vith each needls valve since the latter ave not designed
for shut-off purposen.

‘at metal chloride gencration and the CVD occur vithin a sealed
alunina tub; (54 sm. I.D.) incide a glo-bar hcated furnace. The total
heated zona as approxinately 50 em. long. Tomperatures are moasurad
with Pt/Pt-~132 Rh thecmocouples. In addition to the glo-bars running
parallcl with furnace tube, there are four glo-bare perpondicular with
it in the sccond hedf of the hocted 2eac.  The teaperstures of the tvo

gones are dndependontly controlled with SCR-type propartional controllers.



19

gsauogﬁqﬂn 17 sanSyg

1 wnndop
Kiddns samog
., — 1044u0d uNDIdWS]
Ju-paalq 2N # I
. Tg- JOSuas :
i 94NSS3id '
v v
H 7 WOMLNOD
MO3
SV

3OVNYNd
4va019




The details ¢, the interior of the furnace and the gas ‘flow 2
patterns arc shown in Figure 3. The metal chloride gencration occurs
in the first half of the furnace. Two independer.t flows of chlorine
enter the suall aluwina tubes con;alning the heated yttr}q- and firon
metals, respectively., The chlorine reacts with the metal to produce
the gascous mctal chloride. Yttrium chloride and fron chloride exit
from the chlorinator tubes, mix inside the inner nozszle tube, and pass
into the deposition zone along the center of the furnace tube.

Flovs of cxcess chlorine (to be used to control ‘the deposition
rate) and hydrogen enter tha furnace in tha annulus between the inner'and
outer noxzle tubes. Thesc gases enter the deposition as a cylindrical
sheath surrounding the metal chlorides flow. Oxygen enters tha furnace
along the outside ?I the outer nozzle tube and enters tha deposition
zone along the inside diameter of the furnace tube.

With this gas injection scheme, the noszla tubes isolata the
chloride gencration process from tha other reactant ;nsnc. In eddition
the hydrogen and excess chlorine sheath .urroundth; the metal chlorides
as they enter the deposition zone hinders the imediate mixing and
reaction of oxygen with the chlorides. This scheme has been used in
other CVD systems to prevent the build-up of oxide deposits on tha ends
of the nozzle tubes(ZI)’(zz). Such build-up could alter the gas fla;
patterns during a run nnd oven block off the injection orifices.

All the tubes named above are of high purity, densc alumina, and
the ends of all tubes arc scaled using Viton O-rings.

In the second zonc, the CVD xzore, the input gases mix and deposit
the eolid phase(s) thermodynawically and kinotically favored. The
subatrate crystals, YAG of GGG, sit on an alumina boat 10-15 em, froa

the end of the gas noszles.  Under proper conditions, YIC in deposited



sovuIng @A) SY3 3O IOTANWE o3 JO STIRING ¢ eIy

21

o Tl e S e,
s T A

£ L P
JoARN ok

e ey "y 4

oA

A - Dl = = ¢
= zu_
. ]
< s e = -.




cpitaxially on the substrates. In the deposition zone, a fus;d silice
tube 45 used as a liner to collect the deposited solids.

The unreacted and product gasecs pass out of the deposition zone and
thrcugh tuo traps upstrcam from the mechanical vacuum pump. The first
trap is a large glass jar with stainlens steel bottles for collecting solid
particles (mostly firon and yttrium chlorides) which have condensed in the
gas phasc. The sccond trap is & 1iquid nitrogen cold trep to freese out
chlorinc and hydrogen chloride, thus protecting the pump from thesa cor-
rosive species. '

The system pressure is measured by two zauges connected to'tha
system ot the dowmstraam end of the i&tnace tube. The firet is a
i.chantcal dtaphian-typc gauge (fleraus). This gaugs is most eccurate
wvithin the range from about 100 to $ ibrr. lounvoi. much of the presant
CVD work wvas condd;tad at approximately 2 Torr. Pressures in tha range
from about 10 to 0.1 Torr vere measured with an electronic pressura
sensing transducer (Rosamount). Thio sensor is elso used to control
the total pressure. The sensor output faeds an open loop servo eireuit
vhich controls the flowrate of nitrogen bled into the vn;uun 1ine just
ebove the pump (Figura 2). 1f, for example, a negativa pressure deviation
is detocted, the blecd-in flow is increoased; thii.dcercnsoc the effective
pumping rate to the rest of the oyot;n. thereby causing the pressure
to rise to the proper value. _

As one’ check on possible chinging conditions in the oyntei. the
partirl pressure of oxygen in the gas stream exittﬁg from the furnace tube
is weasurcd with an oxygen analyzer (Thermo Lab). The instrument produccs
an clectrical potential proportional to the oxygen pressure by ionic
conductfon of oxygen through a solid elcctrolyte of stabilized zirconia.

The oxygen partial pressure, the total system pressure, and the

oty
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tespcrature at three points along the furnace hot zone arc continuously

monitored cn a strip chart recorvdar.

At the dovnstrean end of the furnace tube i3 an airlock chamber.
This double seal device is uscd for loading and unloading the substrate
boat without breaking the vacuua or otherwisa distucbing the system.
With the fancr glass window sealing the system, the boat is placed in
the airlock and the outer glase windovw installed. The chamber is then
evacuated by an auxilliary mechanical vecuum pump. The inner window is
then vithdrawn into a aide compartment, and the boat is pushed into the
deposition zons with an alumina rod imssrted through a vacuun fiteing
on the outer windov assembly. The rod is then withdrawn, the imner window
returnsd to its original position, and the airlock chamber filled to
atwospheric pressure vith nitrogen. Ths boat can ﬁc withdrawn from the
deposition szone by the samn procedure.

Prior to the installation of ths airloik. it vas necessary to load
the substrates before the run began. ihul. only one loading could be
accomplished per run. In addition, ths carefully polished and clecaned
substratc surfaces may have been damaged during the relatively long
sxposure to the system during heatup and before the proper gas flow
conditions were establishsd.

3. Materials

(1) Source Mctals. The yttriun mctal used in the precent work was

obtaiuned 1n.thc form of coarse chips from Resecarch Chcmicals. The metal
is 99.99 porcent pure with respect to rare earth clement impuritiecs dut
contains slightly less than onc percent tantalum, the material used for
the yttrium melting crucible. No other 1m;ut1ty spacies are present in
excens of 0,03 percent according to the cpoctroscopic snalysis supplicd

vith the netal,
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The fron used was anaiytical reagent purity and in the form of
vire lengtus approximately 8 cam. long and 0.035 cm. thick.
(2) Gases. All gases used in the prcsent work wero obtained through

the M.I.T. Office of Laboratory sﬁpplics from the following sources:

Gas (grade) Source

Chlorine (high purity) Matheson

Oxygen ’ Adrco

Hydrogen (prspurified) Adrco :
Helivm M.I.T. Cryogenic Ladb
Nitrogen (prepurified) Adrco

All the gases were used without additional purificationm.

(3)__Substrates. Ths first substrate materisl available for the
-present work was a Czochrslski-grown boule of YAG doped with approximatcly
1 X neodymium. It was trensparent but slightly purple due to the doping.

The boule also contained macroscopic imperfections along ths e;ntcrltne
duc to coring vhich occurred during 15. growth. fho room tomperature
lattice constant detsrmined by X-ray diffration (using silicin as a
standard) vas 12.023 X, vhereas the publisheé lattice paremetar of “pure"
YAG 1 12,008 ¢ ,003 1287, e boule had been grown along the {11%)
direction and uao‘approxlnately 1 em. in diemeter. 8lices cut normal to
the (100) direction were used as substratss.

Later, nomn slices from Czochralski boules of (GG were obtained
courteny of Bell Telephone Laboratorics. Slices cut normal to the (110)
and (111) directions were used in the later runsn of Eho present yofk.

The lattice barnmcter of the GGG (1)0) measured at room temperature was
12,367 A and that for the (111) slices was 12.379 R; the literstnre
value 1 12,375 3 .003 A8, |

C. Substrate PFreparation

A clean, undamaged, and strain-free substrate surface 4s neceasary

for ruccennfol cpitaniil doposition(23). The cut YAG and CGG slices were

catipe-.
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ground flat with coarse and then fine S§iC grits. 7This was followed by

a polish with Linde-A Alzo Each substrate was polished until the

3
surface appeared optically smooth'at 10x magnification.

In oracr to remove the damegzd surface layer duc to mechanical
polishing, a chemical polish step is reguired. A satisfactory chemical
polish would rcmove about 3 microns of substrate without destroying
the attained surface smoothness. Several workers have reported the use
of hot phosphoric acid as an etch for garnets and similar wmater-
1.13(2‘)'(25)'(26). For each substrate material anid crystellographic
orientation, there is a critical temperature range for the uniform removal
of material. Lower temperatures cause pitting and higher temperatures
promote the precipitation of phosphate compounds which can contaminate
the surface. An associsted problem is rinsing the hot acid from the
substrate before it cools and causes pitting at lower temperatures.
Rinsing in a water bath was found to cause sufficient ;harmal shock to
crack the substrates, but use of oil eliminated cracking.

Substrates etched with hot phosphoric acid were used in the
early runs of the present work. This chemical polishing method was
found to be only partially successful, at best. Typically, the substrates
were suspended in the acid at 285°C for about 30 scconds. The YAG (100)
substrates maintained their surface smoothviass fairly welil;, ~hile
GGG (110) elices were ectched unevenly. Etehing rates of about 10 microns
per minute for YAG (100) end 30 micreas per minute for GGG (110) were
determined from weight loss measurements. Although the first successful
epitaxial deporits in the present work were achiieved on substrates
etched with hot phosplioric acdd, a recliable polishing precedure, partic-
ularly for GGG, war not found.

In Jater deposition runs, Syton it1-50 (oaniuto) was uscd for the

-l
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final substrate polich and found to be successful. Syton is a basic

suspension of colloidal cilica cf pétticle size .035 to D40 llefoni.

Sytor 1is thought t2 polish by both mﬁchanical and chemical ncann but

6(25). The rate of -aterial

(25)

the actual mcchanism 15 not understoo
removal by Syton has been cstimated as 3-6 nicrons per hour
In the present work, an automatic sct up was used to final polioh the
substrates with Syton for 30-45 -1nuteo. i

After the final polish, the oubhtrotea vere washed with nild
soap and water and then rinted ouccesoivoly in boiling acetone,

to

isopropyl slcohol, and benzene for 5 -1n£uun of five minutes tu each.
Before being used for deposition, é;;ﬁ substrate vas v.t.hed on‘a
Mettler analytical balance (aeeurde.; ‘ 0003 gm). e

D. Procedures for a Run ...° |

Iron and yttéium metal (typicelly 25 and 10 grams, rospectively)
are loaded into ths chlorinator tube; and the combined weight ot each
tube and wetsl is recorded. Then tho verious furnace tubes are
assembled as in Figure 3, and the entiro system is sealed. Tha gyoten
1s then pumped out for several houro. ' '

Flows of helium of cpproxinatoly 30 cc/min, ;ro turned on through
cach chlorinator tube just before the furnsce hecat up begins. ?ho
furnace rcachcs the depositivn tcnpe;aturc (typically 1200.6) {n about
thre: hours. During this time, ili2 cold trsps are filled and the
chlorine gas line is pumped out to remove any resadual air or water vapor.

The par flows are turned on in th@ following sequence: (1) chlorine
to the iron, (2) excess chlorine, (5) chlorine to the yttrium, (4) hydro-
gen, and (5) oxygen. Several minutes arc required before ctabilized flow

rates with one atmospherce pressure in the flowmeter tubes are attained,

The total pressare (typically 2 to 10 Torr) in then adjusted to the
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proper value.

The boat carrying the subutrates 1- placed in the nirlock chanbcr
and tha chamber evacuated. Bctorq thc inner wvindow is withdrawn and
the substrate boat pushed :nto tho deposition zone, the three chlorine
flows are temporarily halted and replaced by hclium flows. If this
u‘rc not done, the metal chlorides would condense as liquids on the
boat and substrates as they are pu‘hed through the cooler regions of the
furnace tube. It was found that llthough the chloxldes re-evsporate when
the boat raaches the hotter ragions of'tha furnace, the brief contact

with the substrates damajes the curfacec due to the corrocive effects
L]
. 7’ A .

of the chlorides. !

When the bost is 1n placs in the deposition zone, the push rod is
withdravn, the inner windov ocealed, and the cilorine fldut restored.
At this point, the actual deposition‘gommencen. ‘ftcr the desired
deposition time hss alapsed, the chlé%}no flovs arc again replagod
by helium, and the boai is pulled 1ﬁ;qitha airlock to be roload’d if
6o desired. S |

After the last unloading, tha power to the furnaca and the gas
flows are turned off, except that helium is again passed over the metals.
When the system has cooled to room temperature (in about 12 hours), it
is slowly brought up to atmenpheric pressure and then disassewmbled and
cleancd. The chlorinator tubes are weighed and the ?ctght loss due to
transport rc;ordcd. The nature and amounts of other dcposits in the
system (1.0., hack diffuscd chloridca; gfowth on thé injcctio; nozzles,
and other oxldnn.dnpositcd on the fuscﬁ silica liner tube) are noted.

Fach subrtrate is weighed after aéponition. and the weight change

i8 recorded,



E. Procedurez for Characterization of Deposits
]

(1) Identification. All polycrystalline deposits were identified

by X-ray diffraction powder patterns using a Norelco diffractomeer
unit.

Single crystal films were identified as YIG alao using the diffrac-
tometer. Since all substrates were cut along a low index crystallographic
plane, placing the substrate on the diffractometer will give diffraction
from the lattice plance which ar; even integral multiples of th?.
crystallographic plane. For epitaxial films a few niiron. thiek. there
is diffraction from both the film and the substrate. These Ewo peaks -
can be resolved, particularly at high Bragg anglsa. For YIC on YAG.
the difference in lattice constants is such that the respsctive (1200)
roflcctions lie at Dragg angles differing b; & degreco. Por YIC on
GGG, the (880) reflections differ by about 0.15 degrees; this difference,
also, can be readily resolved on the diffractometer.. Thus, by compartn&
the X-ray diffraction pattern from thc-filn on ths aubstrate w;th that
from the barc substrate, the existence of eptﬁfxtal Y16 can be.eonfir-od.

Y1C films can also be identified by color. Filma a few Iicronn
thick are yellow-grecn and transparent. Thicker filws are darker green;
for thickncsses greater than about 25 microns, tﬁc films are black and
opaquc(17).

(2) Morpholopy and Thickness. The single c¢rystal nature of the films

was confirmed by Lauv2 back reflection X-ray diffricticn.
- The surface morphology of the films arnd other deposits was observed
by reflected light microscopy. 0
On some substrates, a small arca of the deposited film was chipped
of f (perhicps due to rapid cooliny during removal -from the furncee) thus

creating a "suep" at the filun-subatrate interface., At such a ctep, the
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film thickness could be measured by interference microscopy (Zeiss)

using monochromatic uzht(z”. lt; other cnses the film thicknecs vas
calculated from vught' gain uuu.:mnﬁ. ,

(3) Marnetic Charecterization. Ferromagnetic resonance linewidth
ie often coutc'lcud to be the principle criterion of YIC quality. In
the present work, linevidth {s measured in a microweve cavity using a
Varian -9 EPR Spectrometsr.

The resonance meieurements are made using e constant D.C. iagnettc
field (produced by a largs electromagnet) and a tize verying field of
nicrovave frequency (typically 9.55 Ghe). The microvave pover ie
transmitted to tlu cavity containing the eawple. ?crrmmttc ren-
onance occure at a pcrueuiar D.C. £ield etrength for the selected
nicrovave frequency. At resonance, the Y_Ié filn ecnple absorbe some
of the microveve pover. The linewidth 13 detartined by mensuring the
pover output from the cavity (snd, hence, the absorption by the eample)
as & !ﬁeﬁn of D.C. field strength. In the preseat work, the 1inevidth
is token to be equal to the width of tlu_.}uk of absorption verses field
streagth at half pover. |

The reculte of linevidth measurements cn thin filus, hovever, are
not unambiguous indications of cryetal quality. The measured 1inevidth
depinds upon the details of film ehape, thicknese, edge cmoothness, and
orientetion vith respect to both the D.C. end microveve mm‘“’.

Magnctic domain patterns vers obeerved by the Paredcy effect uoing

/:t.umuuton microscopy with polariszed light. The dynamic behavior
of the domains in response to changing appliod magnetic ficlds also can
be observed by this technique.



111, RESULTS

A. Crouth Conditions and Behavior of the Systea

A total of thirty-three runs chte sade during the present work.
Oxide deposits were produced starting with kun 3. YIC first occurred
as the predominant oxide (in powdei fore as the result of homcgeneous
vapor phase nucleation) during Run 7. Epitaxial films were produced
on YAG substrates during Runs 14 and 16 and on GGG substrates during
Runs 27 and 28.

Conditinns for Epitaxial Deposition. The system parameters used

for Runs 16 and 27 (the two most successful runs) cie givem in Table 1.
Calculations of the equilibrium gas phase composition are presented in
Section 1V.

While the ltot.ed grovth conditions produced single crystal YIC
filus on the substrates, it is unlikely that these are optimum con-
ditions. Subsequsnt runs in vhich the ssawme input conditions were used
did not necessarily produce epitaxisl films. Instesd, polycrystalline
YiC, "003. or nzo, vas deposited ou the substratss. It is felt that
some aspact of the present CVD system (the chlorination of the yttrium
metal, in particular) lacks sufficient comtrol. |

After the approximate conditions for growth of epitaxial films had
been sstablished, the major emphasis of subsequent runs vas to modify the
parameters in order to achieve conditions for consistent film growth.
The effccts of changing certain parameters are duscribed belows

- (1) 1Increasing the temperature produged YFeO, on ths substrate.

(2) 1Increcasing ths system prsssure to 10 Torr or higher caused

homogencous vapor phase nucleation to occur. This tuultu; in powdery

deposits,



Teble 1

Deposition Temporature *c)

Pressure (Toor)

Flov rates (ce/min at $.T.P.)
RHydrogen
Oxyzen
Chlorine (excess)
Chlorine .to [
Chlorine to ¥
Nelium (thru Y chlorimator)

Leugth of rua (xin.)
sSubotrate Deposition Rate (nclu’-hr)

1180
2.4

19
10
4
10

123
0.6

1210
2.3

19

4§

b ) §



(3) lncrcasin'g the flow of cxcess chlorine tended to produce
YFeO, and Y,0,, vith no apparent change in total deposition rete.
(4) Elimination of bydragen (and, therefore, uzo and NHCl as

well) resulted in much less oxide deposit on the substrete.

Other Deposits in the System. After a run, three distinct re-
gions of deposition ere evident on the quartzs liner tub.c. Near the gas
nozzle tubes and 8-10 cm. downstream ie a region of ui.tivoly heevy
polycryetalline oxide depoeit - on the order of a few millimeterz In
thicknees. Thie 'dopoctt usually is a mixture of severesl phasee, es
determined by X-ray diffraction powder petterns. Similar deposits
appear on the outside surfeces of the outer nozzle tube. This suggests
that there is considerable turbulence es the gesee enter the deposzition
sone from the nossles causing mixing and zome back flow.

Further downstresm, from approximately 10 to 24 cm. from the
nozszles, is a region of light and uniform deposition. Depozition rates
for polycrystelline material on the quarts liner were measured to be
on the order of 2-5 nlcaz-hr. Unlike the heavier deposition near the
nossle, the quarts liner tube iz translucent in thiz second sone, though
distinctly discolored by the depozited material. Usually, there is only
one phase deposited in this region, though sometimes wmore than one phaze
is present. In the latter case, there iz graduel change along the tubs
from one phase to the next. The more iron-rich phngc appear farther down-
stream, in a.gremnt with the observetions of Mee et .1.(") .

The epitaxial films are depozited in this second zone. In all the
runs vhich produced single crystel YIC films, YIG vas alzo the predominant
phaee vhich deposited on the boat and quartz liner /n the wicinity of
the substrates. MHowever, the deposition rate for epitaxial YIG was

approximatcely 0.5 mg/cmz-hr .
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Farther downstream (more than about 24 ca. froa the noszlea) the

temperatura falls off sharply. Ilron oxides (F’czo3 and rcao‘) are

heavily deposited in this zone. Even farther downstream are heavy de-
posits of unrecacted iron and yttri;n chlorides which condense from the
gas stream as room temperature is approached. Large amounts of unreacted
chlorides were collected in the colder regions of the furnace tuba and
in the solid particle trap. It is estimated that only a few percent

of the metal chlorides are reacted and deposited as oxides. Of this
amount only a small fraction is deposited in the second, uniform

region vhar: the epitaxial growth occurs.

Invariably, thare is also some undasireable oxide deposit on the
gas nozsle outlats. Tha amount of this daposit was found to vary from
run to run, probably depending upon the relative velocities of tha gases
emcrging from tha concantric orifices. In principle, the amount of
nozsla build-up should ba reduced and possibly eliminated by equalizing
. tha gas flow velocities and by shaping tha noszles so as to raduce gas
surbulence.

In all but tha last few runs of the presant research, considerable
back diffusion of the metal chlorides was observed within tha innar
nozsle tube. Both iron chlorida and yttrium chlorida (identified. by
chemical analysis) diffused into this stagnant volume and condansed in
the cooler regions. Typically about 25 parcent of the chloridas produéod
vas "lost" due to back diffusion. In the last few runs, a 50 cc/min flow
of halium through the inner nossla tuba and outaide of the chlorinators
(Figure 3) eliminated the back diffusion and forced all the chlorides into
the deposition zone.

Chlorination and Transport. In the present work, the amount of iron




chloride generated by chlorination of the metal was directly related
to the input flow of chlorine gas. From weight loww wmeksurements
averaged over all the runs, 2.12 mg. of iron vas consumed per cubic
centimeter of chlorine flow. (The weight losa data for most runs
agrced to within 10 percent of this average velue.). This corresponds
to an iron chlorid; composition of 10612.35 (or 35 X 10013-652 10012)
assuming complete chlorination.

After a run, the remsining iron is only slightly discolored. The
metal is consumed from the most upstream end of the chlorinator tube where
the chlorine first contecta it. There is no evidence thet any iron is
consumed farther downstream in the chlorinator, nor ia there present
eny oxide or residuel chloride. This suggests that the iron chlorination
is immediate and complete, which is es expscted since the resction is
highly favored thermodynamicelly andi the run tempereture is sbove the
boiling points of both P¢c12 and Pb613(29).

The yttrium chisorination, on the other hand, is not nearly so ideel.
Weight loss data veries radically from run to run end in some runs a weight
gain vas recorded. The residus in tha yttrium chisiinator contains
considersble 1203 and YOC1 as well es the metel. The ralative amounts
of thaae species ve:y from run to run, even for runs with the sane
growth conditions. Hosever, despite this 1nconoioton§ behavior, some !‘tal
ia always chlorinated, es cvtdcncod‘by the presence in the system of yttrium-
containing oxide deposits and back diffused yttrium ;hlortdo.

The boiling point of vc13 is 1510.0 and its vepor pressure is only
approximately 10 Torr at the system tcnpertturc(ao). The undssired
source of oxygen to the yttrium chlorinator tube eppcara tobe beck diffusion
of oxygen (and/or water vapor) (rom the deposition zone. Since yttrium

motal has a high oxldation potential, the oxygen compctea with the



chlorination process when solid Y203 end YOCl are formed. In some of 9
the runs, a flow of helium was passed through the yttrium chlorinator

to eugment the relatively low chloring flow., - It was hoped that the
increascd gas velocity through th; chlorinator tube would retard the

beck diffusion, but this procedure did not significantly reduce the
formation of 1203 and YOC1.

In eddition to the run to run discrepancies of the yttriuva chlorina-
tion, there are indications thet the chlorination rate changed during
the course of ¢ run. Longer runs (3~5 hours) were attempted in hope
of producing thicker epitaxial films. In several of thesa runs,
however, there wes avidance that YIG was deposited initially but sometime
later during the run another phase wes daposited on top of the film.

The low vapor pressure of Y013 and the beck diffused oxygen appear

to be the causes of tha erratic behavior of the yttrium chlorinetion.

B, _Structure end Properties of the Single Crystal YIG Films
1 _Physical Properties

Visuel. The YIG films ere transparant and green in color. The
films deposited on YAG (100) are heavily crszed by stresses causad by
the thermal expansion mismatch between YIG and YAG(IG). The tansile
crecks appear in a reguler orthogonal pattern (Figure 4) with intarcrack
spacings on the order of 50 ym. The crocks lie in (100) directions of
the film, as detarmined by Laue back reflection pattc?ns. Weight gnin‘
measuremonts indicete e film thickness of 2.4 * 0.5 microns.

The YIC filws daposited on GGG (110) and (111) substrates ere not
crecked beceuse of bettar thermal expansion match between YIG end
GGG (reletivc to that between YIG and YAG)(IS). An 1nterferogram of
a portion of a (110) film from Run 27 is shovn in Figure 5. A scction

of the YIG deposit has cliipped away. The distance between interfercnce



NOT REPRODUCIBLE

Pigure 4: YIG film on YAG (100) substrate showing charactaristic
crack pattern. (80 X)



p NOT REPRODUCIBLE

Yiguse 5: Interferogram of YIC film on GGG (1.0) substrate
vith a small piece of film chipped of ‘. PFringe
displacement across step gives film thickness of
1.13 ¢ ,05 microns.
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fringes is onc-half the wavelength of thallium light (A = 0.535 ncron:)a.
By meusuring the fringe displacement across the step vhere the £ilm 1s
missing, the film thickness is detcrmined to be 1.13 ¢ 0.05 microms.

For al) the single crystal films, the surface smoothness is the same
as the original smoothness of the substrate. Isolated inhomogeneities
vhich are prescat on all the films appear to be due to residual imper-
fections from the substrate polishing. Near edges of ths substrate that
vere cut with a diamond ssw, there are chipped surfaces. During the dep-
osition rum, -1n.g10 crystal iG free of the inhomogeneities present on
the polished surface grev on these "as fractured" surfaces.

Lattice Paramoters. Using silicon as a standard, the lattice

parameter of the YIG films was measured at fairly high Bragg angles.
The results are given in Tsble 2.

The measurcd lattice paramaters are sovavhat smaller than the liters-
ture value of 12.376 ¢ .003 R*®), 7o be sure, the YIG f1lms are some-
vhat strained due to the thernal expansion mismatch with the substrate.
However, the strain present is a tensile strain, vhose effect would »e to
incresse, not decrease, the lattica constant of the YIG film.

2 Mapnetic Characteristics

Observation of Domains. Magnetic domain patterns for YIG on YAC
sade visible with polarized light are shown i{n Figure 6. The irregular
"fingerprint" pattern is characteristic of the ht'ghl_y strained films.

The -paeing. betweon domains is approximately 3 microns. In a ferromagnetic
film, the domain spacing is proportional to the film thickness and

inversely proportional to the sauare of the magnetization. Both the thin-
neas of the film and the high magnetization of YIC combine.to produce such

a narrov spacing. The donain pattern can be "wiggled" by woving a small
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Table 2
&bo;tan & Orientation g;!fugging Plens Lattice Parsiseter
YAG 100 (12 0 0) [20M96°) ' 12.345 A
006 110 (8 8 0) (2010°) i2.354 A
¢0s 110 (888 (20M19°) 12.348 A



Figure 6:

Domain pattern of YIC film on YAC (100) substrate as revesled
by polarisad light. Note cracks and irregular "fingerprint"
domain pattern (600 X).

40
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magnet near the substrate. The dowain mobility, however, is somewhat

restricted due to the cracks and high strein in the film.

Domain patterns Jor YIG on GGG (110) are shown in FPigure 7. Note
that the pattern is very uniform with highly parallel domains. The
domain spacing is about 2 microns. For YIC on GGG, the domajns are
considerably more mobile. The zig-zag pattern shown in Figure 7-b
frequently appears after the domains have been moved with a hand magnet.
The angle of the zig-zag is 115 & 5 degrees.

Resonance Experiments., Microwave resonance measurcments were

attempted on eeveral irregularly shaped eamples of YIG films. Direct
measurement of ferromagnetic resonance linewidth was complicated by the
presence of many often overlapping pasks. There are two sources of

tha wmultipla peaks. Numerous magnetostsatic resonance modes exist in any
sanple vwhich ia n&t a parfect sphere. In thin films, these modes occur

at regular intervsla from the primary rasonance. The second esource of mul-
tiple peaks ie Aue to microscopic shape irragularitics. Dillon(zo) has
reported that even minuta voids or dafects cause a single resonance peak
to split into many peaks. Botk regular mode patterns and peak eplitting
vere observed in the prasent experiments.

Resonance linewidths were estimated from the strongest peak present
in the spactrum. Estimated valuee for resonance with the D.C. magnetic
field parallel with and normal to the plane of the film are given in
Table 3.

The linewidths are of the same ordar as results reported by Mee et al.(17).
The extremely low linewidth for perpendicular resonance for the YIG on
GGG (110) is eomcwhat uncertain due to the highly comple; spectrunm of

that sample. The linewidth was taken from the :trongest of many pcaks
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NOT REPRODUCIBLE

A.

Pigure 7: Domain pattern of YIG film on GOG (110) eubetrate as revealed
by polerised 1ight. (A) Mighly perallel domeine. (B) Zig-sag
pattern vhich frequently “ccurs efter domeins have been moved
vith an externel smagnetic field. (760 X)
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Table 3
° Linewidth (carsted) [cnd Pesonance:
Substrate & Field Strength (gausc))
Orientation Thickneas (um) perpendicular parallel
YAG 100 2.4 14 [2680)
GoG 110 . 1.1 0.05* [5000) 0.8 [2660)

¢o¢ 111 0.7 2.0 [4750) 8.5 [2670)

® Somo uncertainty of this mearurcment due to kighly cocplex
spectra, :
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present, though the widths of other nearby peaks were approximately

the same as the strongest peak.
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IV. DISCUSSION

As.__Thermodynamic Couniderations

Yterium iron garnet is not the only solid deposit vhich can be pro-
duced froa the vapor phasc rcaction of yttrium and iron chlorides with .
exygen ¢r wvater vapor. Frequently !20 ’ YF.O,. and 10203 as wvell as YIG
(and occutonany. l'c,O‘ er YOC1) also appear in the present system.

Mee ot 01.(") report regular depcsition zones in their furnace tubde,
with Y203 appearing most upstream followed in succession downstream by
diatinct soncs of YFreO,, YIG, and rozos.

In the absence of a preferential substrate, the most favored solid
phase is the cne vhese CVD reaction has the largest free energy decreasc
vith respect to the actual conposition cf the gas in the system (i.e.,
the reaction vith the largest chemical driving fo.ce).

A computer pregram Vas urtttcn_to ealculate .1) the equilibrium
compooition of the gas phase (given temperature, pressur:, input gas
flovs, and thermodynsmic data for the poeeible recutlting gas species),
and (2) tho free energy changes ¢f ocach of the possible CVD reactions.

Aseumptions. The folloving assumptions vere made:

(1) All gas species arc in equilibrium with each other at the
syatom temperaturs and total pressure.

(2) A1l gases are ideal, sad all solid phases are pure (i.e.,
the 00l14d phases have unit activity).

(3) The only gas apecice present in the cyoto;n are the following ten:
0,0 Ny, Cly, HCY, ll2
of yttrium have been reported in the litetature. Additional iron

0, C1, r.c13. Pcc13. 1013. and He. No lower chlorides

chloride species, euch as reCl and 702616. are knpvn to exist. Nowever,

order-of-magnituda calculations using the reporied thermodyncnie data(”)
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indicate that these chlorides sre present only in very minu:c quantities
withia the tempersture and total pressure ranges applicable t~ the present
systen (1200 to 1700.K and 1 to 10'3 atmospheres). Other known gas specics
(e.g., M, 0, 04, H,0,, OH, C10,, C1,0, HC1O, Fe, Y) are similarly neglected
because they are not present in significant amounts according to the
thernodynanic data.

(4) The chlorination reactions

3
Y + -2c12(r,) - Yc13(g)

Fe + -:Clz(g) = FeCl,(g)

go to total completion. In the case of iron, it is further assumed that
the iron chloride formed injcially is FeCl, (the higher vapor pressure

specie) and not FcClz.

(5) Any change of gas composition resulting from tha deposition of

s condensed phase is negligible. This is thought to ba a good assumption

m— - -

because of the high gas velocity of the system (Section IV-B) and bacause
the obscrved fraction of chlorides which ara oxidized is very small.
(6) Yc13 and He (and 0y0 vhen no hydrogen is present in tha system)

do not interact with othar gas spacics and thus do not influence tha

equilibrium gas composition. Therefore, thesa species ara considared to

be "incrt" with respect to the othar gases presant. '
Basis of the Calculation - Gas Phase Composition.. Tha variablas of '

the system aré temperature, total pressure, and {nput flow rates of

hydrogen, oxygen, excess chlorine, chlorine to tha iron, chlorina to tha

ytt.ium and heliva. Considering helium and ;zz:tu- chlorida for the

moment to be inert, mass balances for hydrogen oxygen, chlorine, and iron

can bc vritten:



1Y)

1
fu - (uzl + (uzol + -ipxcxl .

210
- -1-,
‘°zlo (ozl + 2.uzol
r ! ]
fci, » Fel + i€, (ex)]) = lc1,) + 3lc1ks 5lica 0 (FeC1,)

S
+ 7(FeCl,)

21c1, » ve), = [rec1,) + rec1,)

vhere: [x) = number of moles of "x"
[.g]. = input number of moles of "x"

For unit time, the number of moles of each input gas spscic is propor-
tional to the flow rate. Sincs the mole fuctiox:u of cach specie is the
quantity of real interest, the proportionality constant relating
“flow rate" and “"number of moles" is arbitrary. Therefore, for con-
venience, the number of moles of Old'l input ges can bs set equal to
its flow rate.

The various interacting gases n?o also related by four independent

‘ehn:l.cal reactious?

M, + 30, = 1,0 ' : Q)

1,0 + C1, = 2HCL + 30, .' ()

a, = 201 - Y

PeC1, = Pecl, + 301, : )
' -

N

Associated with each reaction is n.\.equ.nibr.tum constant, Ki:

v .
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Py.0 X0 ol pLey ¢ (i +o}%
L . _ERIE et ) + (o]
) B | - 1
l'“z(l’oz)I X, (X, 2 P.r'f ("21(0} P2
2 %2
1 1 '

lucnzlozlz l,Tz.
Ky = (etc.)= (ete.) = 11,01 [C1,)T(HCI] + [o,) + [M,0) + (c1,1}

2
fc1) PT

K, = (etc.) = (etc.) = -(—-n--T-——n'
3 012 Clz + [C1

11

2 5 4
(10012][0121 Py

K, = (etc.) = (etc.) = i‘r?éf;m [FoCT,] + [C1,])

vhere: P, = total pressure (atm.)

xi = mole fraction of "i" (x1 - IL‘BI))
' all species

p - partial pressure of "i" (atm.) (P1 - X‘Pt) '

At equilibrium:

®
(e 2" RT 1nK

and,. in goneral:

-

Acl- ) 3 a,AG - L
products
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vhere: AG.R = gtandard free eaergy change for the reaction (cal/mole)

= standard free energy of formation for specic ™i"
(cal/mole)

®
8 4

R = gas constant: 1.98 cal/mole-"K

T = absolute tempecrature ’x)

Therefore, for a given temperature, total pressure, and set of input
flov rates, if the stsndsrd frae cﬁer;tea of formation of the various
spocias are known, tha number of aples of the eight interacting gas
species can be detarmined by solving the above eighi equations (four
mass balances and four reaction equilibria) aimultaneously; The four
reaction equilibris equations are nonlinear, and, therefore, the system
of aight equaticns must be solved numerically.

If hydrogen is omitted from the system the thcrmodynamics eve
somevhat simplified. In this casa, no “2’ "20. or NC1 will be present;

0, will be the only oxygen containing gas and wiil not ianteract with ahy

2
other gases present. Thus, the cslculation reduces to solving four
equations with four unknowns. Only the iron and chlorine mass balances
and reactions (3) and (4) need to be considered.

Oric2 the number of molas of each specia (including the "inert"
species) has been determined, the respectiva mole fractions and partial
pressuras can be calculated diractly.

The Deposition Reactions. With the equilibrium gas composition
known, the tharmndynamic favorability of the various CVD rcactions

“can be determined. Fourteen deposition reactions are considered.

Yzos. vreoa. YI1G, and 10203 are the possible solid phases. In each

canc, the chlorides can be oxidized by oxygen or water vapor (if

present). FEither PeCI3 or PeClz can be the reactant when YFeO, ,



Y1G, or Fe

a compact fori as:

FeCl 0
n. YC1. +n,
13 2 3 o

r -
Y50,

YFco,

Y 357¢).25%
Fe, 0
)

+n

4

2oJ is formed. The fourtcen reactions can be written in

012

)
HC1(+ A uz)

vhere: n = the appropriate stoichiometric cecfficienta. From each

sct of vrackets, onc gpecie 1s selected for cach reaction,

In gencral, the frer energy change associated with a chemical

rcaction is:

AG = AG'+ RT 1nQ

vhere:

products “j
Q-__ 1" &
reactants

&

“ " activity of “k"

= P for 1dcal gas

= 1, for pure solid

“k = atoichiometric coefficient

At equilibrium:
&G = 0

Therefore: ’

&C = - = «RT
RT lnq.q RT 1nK
Substituting (5) into (4):

AG = ~RT 1n(K/Q)

()

(6)
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For CVD rcactions, (K/Q) is defined to be tla suersaturation. Thus,

"supersaturation” and "free cnergy charge” are directly related
parameters for determining the theriodynauic favorability of a deposition
reaction.

For each rcaction, the parameters Q, Ac'. K, K/Q, and AG are

calculated.

The Computer Proprem. A flow chart of the computer program is

given in Figure 8. The main program cells for a subroutine to solve
tha sat of simultancous, non-lincar equations by an iterative mecthod.
Tha subroutina was based on a library subroutine of the M.I.T.
Computation Centcr(31) but was somevwhat nodifiéd by the author to
improva ths chances for convergence.

A typical page of print-out by tha program (for Run 16) is
shown in Figure 9. The program can Pa Tun as naﬁy times as desired
with different input conditions and/or modified thermodynamic data.
Thus, it is possible to determine the theoretical effcct of changing
any of the CVD‘arowth conditions on tha relative thermodynamic
favorability of the variones daposits.

Tharmodynamjc Data. Tha standard frae energics of formation for

most of the chamical spacies considered in tha prasent calculations
were taken from the JANAF tables and alsevwhere in the literature.
For use with tha computer program, ths data was approximated by a linear

function o;er the temperature range 1200‘to 1400.K as:

Ac',(r) = A 4+ BT (kcal/mole)

Values of A and B for the various species along with the accuracy and

source of the data are given in Table 4.
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Figure 8: Flow chart of ccuputer progmn‘ for shermodynamie calculations,
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|
|
{
{I
‘.
|
“Table & ‘|

-2 =t accuracy

Specie A (x10 ) B (x10 ) (kcal/mole) source
:

o (5) =059 +;;354 t 0.01 snur(®
uer (g) -0.227 0.1 0.1 g
c1(g)  +0.299 -0.437 2.0 | "
Fecl, (8) 0,640 007064 1.2 .
Fecl, () =0.384 -0.639 ' 2.0 "
Fo,0, (s) =1.930 +5.872 0.3 -
YCl, ()  =2.240 +4.000 3.0 suithe11s
y,0, () -39 46811 0.5 Ackermann ot a1$3%



It should be noted that the data for Y203 (calculated by Ackermann

(33) from ﬁrevioua experinentjl d‘t‘(36).(35)

et al. is. substantially
diftcreﬁt from earlier data by Kelléy(36) which was calculated from
estimated heat capacities.

No data for YIG or YFe03 has been reported in theiliterature;
however, the phase equilibrium for the system Fczca-l-‘eo-YFeo3 has
been determined by Van Hook(37). Thexre arc two invarient reactions
in the system: a eutectic reaction in which oxide liquid is in
equilibrium with YIG ard iron oxide, and a peritectic reaction in

which liquid and YPeO, are in equilibrium with YIG. If the thermo-

3
dynamic characteristics of the liquid phase were known, it would be
possible to calculate thermodynanic data for both YIG and YFeO3
from Van Hook's recults. Calculations which assume the liquid

phaie to be an ideal solution of Fezoa, Peb, and Y203 liquids give

free encrgics of formation for YIG and YF10, above th "common

_ tansqnt" value by approximately 15 and 20 kilocalories per mole,

respectively. However, for an intermediate phase, such as YIG or

YFeoa. to be stable, its standard free energy of formation must by
less than that for a mixture of the end components, Yzo3 and F3203

(3.e., below the cc>mon tangent between the end components). Thus,

‘the assumption of an ideal liquid solution is quite erroncous and

results in data which contradict theibasic critetion.of phase stabiliéy.
A sur’ey w;s.undertaken of ctystaliine oxide systems with
intermediate compounds for which thermodynamic data is known. It was
found that the standard free encrgics of formation for thelintermediate
phases was typically only 1 to 10 kilocalorics per mole be}ow the

common tangent value, Therefore, for the present calculations, data
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5 and 3 kilocalories per mole below the common tangent values were

arbitrarily selected for Yl-‘cO3 and YIG, respectively:
. b 4 o Keal
AG l'.(Ylﬁ‘tao:,‘, s) 329,800 + 63.55 TEia

° kcal
B6 (Y j P, ,0., 8) = 295,700 + 62.42 'r[.ol -

Results of Calculations. The calculated equilibrium gas compositions
for Runs 16 and 27 are given in Table 5.

It should be noted that although Fe313 has a lower standard free
energy of formation at 1200°C than re012. the dissociation reaction (4)
is highly favored at the reduced pressure of about 2 Torr. The data
in Tdbie S indicates that the reaction is neari} complete. At
at-oopheric'preisure, however, (all other conditions held ;onstant)
the dissociati&hlonly goes to about 25 percent of completion. Thus, for

(17),19), (20) which vaporize solid

other iron garnet CVD systems
?e012 at thospheric pressure, it is not a good aésumption that FeCl2
is the reacting gas. Instead, thermodynamicslshows that Pe013 is the
predominant iron chloride specie 1f there is excess chlorine ‘(either
added intentionally or the reaction product of previous deposition)
present in the syétem. |

The free energy changes for each of the CVD reactions for Runs 16
ind 27 are plotted in Figurcs 10 and 11. The lines on these figures are
for ease in‘reluting the varioué dgta points and should not be construed
to reprcsent any sort of continuoh;'fqnctiqn. Free energy changes for
specific compositions only - Fe203, YIG, YFeOs, and Y203 - afe represented
in the figures. | .

Computer calculations were made over a wide range for each of the

system parameters. The plots for &ll of these calculations have



n,0
FeCl
10015

YC1

RC1
C1
c1

Table 5

Partial pressure (itn.)

Run 16
3.40 x 20°*

1.60 x 10

0.21 x 10~
.84 x 10°*

1.48 x 107"

10.07 x 1074

6.37 x 10
6.71 x 1075
3.10 x 10~7

8.85 x 10”4

4

5

1.98 x 10~

Run 27
4.79 x 1074

6.37 x 1074

0.08 x 10~°
&

4

$.79 x 10
1,68 x 10~

9:94 x 10~

1.44 x 1078
6
2.36 x 1078

4.20 x 1070
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severcl features in common: *

2
data for o2 and is displaced by culy a few kilocalories per mole

(1) The data for H,D0 as the oxidizing gas is comgruent with the
below {t.

(2) The data fer Pc013_sa the rcactant lies a few kilocaloriecs
per mole below that of FeCl,, and the difference increases going
tovards Fe,0, (See Figures 10 and 11).

(3) The largest free encrgy decrease is always associated with
the deposition of yzos. The free energy changes become successively
less negative for YFeos, YIG, and Fczo'.

(4) The data for the fntermediate compounds deviate from the

Y203 -.Fe203 common tangent by 3 and s kilocalories pe;:-olc for YIG
and Yreos, fespcctively. . This corfespondo to the arbitrary negative
deviation selected for the standard free cnersief of formation for
these phases. . .

The effects upoh the thérmodynamic results dur to changing various
system parameters (temperature, total pressure, flow of excess chlqrine.
flow of hydrogen, ratio of iron chloride to yttrium chloride, ratio of
chlorine bearing g#ses to oxygen bearing gas) are ohown‘in‘rigurco 12
through 17. The changes in the data for changing one growth parameter
or ratio at a time are gi&en vith respect to the conditions (underscored)
for Run 16, For;simplicity. daté is presented only for o2 and FcCis
as reactant'gaseg and re203 and Y263 as dépositién p;oducts. However,
it should be emphasized that each st;dight line represents a iet of

fourtecn points similar to those in Figures 10 and 11,

Interpretation and Evaluation of Results. The thermodynamic effect

of changing various system parameters can be catagorizéd in terms of

a translation and/or a slope changzof the AG ‘data in Figures 12-17.

g

L~
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Figure 12: Calculated effect of changing temperature.
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A translation corresponds to equal positive or negative shifts in the
thermodynanic favorability of deposition for.all of the phases. A

slope change means- that there are changes in the relative favorability
of formation of the various phases. Temperature and system pressure
changes cause slope changes, while the effcet of changlng the flew rates
of hydrogen, excess chlorine, and the ratio of chlorine bearing gascs

to oxygen bearing gases is one of translation. Changing the ratio

of iron chloride to yttrium chloride causes both a slope change and

a translation; the favorability for the deposition of Fezo3 is only
slightly altered thle‘that of Y203 is significantly changed.

There arc some correlations between the predictions of the thermody-
namic calculations and the observed rcéults of the deposition runs
(Section III):

(1) An increase in temperature decreases the driving force for

the formation of YIG while that for choa is unchanged, This agrees

~ with the observation that YFcO3 is deposited instcad of YIG at higher

temperatures.

(2) The general observation that yttrium containing phases appear
most upstream in the deposition zone is supported. by thcrﬁodynamic
result that ¥,0, is the most favored phase with YFe0,, YIG, and Fe,0,
being successivcly.lcss favored.

(3) Elininating the flow of hydrogen suhstantiﬁlly reduces the ‘
amount of dbposition, as 1s predicted by the thermodynanmics,

lowever, certain obscrvations are not predicted by the caleculations:

(1) The cqlculaéed effect of total pressure does mot predict a marked
change in the driving force that would causc vapor phase nucleation to

occur at 10 Torr but not at 2 Torr.

A he caleulated of icct of an dnereased flovw ol excess chlorvi)
(2) The caleulated of icct of an ia 111 hi 0
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is to decrcase the overall amount. of deposit without changing the

relative favorability of deposition of the various phases.” However,
the obscrved effect is an increase in the amount of yttrium bearing
phases without a significant change in the total amowit of deposit.

The Nffect of a Substrate. Even though the deposition of a solid

phase may be favored thermodynamically, there is an activation encrgy
barrier to nucleation. Thus, a certain minimum driving force is
necessary for a phase to be dcposited on a solid surface, stcver. it
is likely that a _lean and undamhgcd YAG or.GGG subétrate presents a
surface with a Qéry small activation barriler to the nucleaéioﬁ of YIG.
If this is true, epitaxial YIG films:can be deposited on garnet
substrat.s witﬁ a smaller thermodynauic driving.férce (AG) than is
necessary for polycrystalline dcposition.oﬁ 5 random surface., This
is consistent with the.obschation that deposition rates for YIG single
crystal films are significantly smaller than rates for polycrystalline
Y1G and other oxide phases,

Summary. Certain characteristic§ of the prcéent Y IG-CVD system
can be explained thermodynamically. Howcver; the system does not conform
to all the assumptions necessary for the calculations. In particular,
the non—iaanlity:of-the chlorination reactions and gas stream depletion
effects due to heavy deposition necar the gas input nozzles.complicate mat-
ters considcrably, In addition, accurate thermodynamic date for YIG

and YF003 is needed before the calculations can be furtlier refined.

"B, Kinetic Considerations

The behavior of a flowing system such as the present YIG-CVD
system is strongly dependent upon its material transport characteristics.
In the prasent system, gas molecules move both by forced convective

flow and by diffusion, :



(1) Torced Flow. 7"he bull veloctty, V, of a gas stream flowing 69

through a ecylindrical tube is: f

V“K

where: F = volumetriec flow rate

A » cross—-sectional area of tube
Assuming the gases to be idcal and for a given temperature, pressure,
tube radius, and gas flow rate at standard temperature and pressure
(8.7.P.): , ~ |

' 2

Vel x1022E ' )
- PR

) °
where: T = temperature ( K)
F = total flow rate at S.T.P. (cmalmin)

P = pressure (Torr)

R = tube radiuva (cm)

Using the syctem parametérs for ﬁun 16, the bulk gas velocity
through the deposition zone is 167 centimcters per secord. Temperature,
total flow rate, and tube radiue are approximately fixed for a given
CVh system; however, pressure can vary widely. The gas velocity at 10
Torr would be reduced to 42 centimetars per ncaoﬁd; at atmospheric
prcésure, the velocity would be only 0.55 centimcters per sccond.

Yor the gas chocity calculated for Run 16, Cor cxample, the
residence tlme, T, of a gas wolecule in the deposition zone is only
about 0.15 seconds. This short time cast doubt en the previous
assumption that all the gases in the deposition zone are in cquilibrium,

The relative gas velocities through the nozzles ean also be determined,

Although the overall gas flow is divided rouphly covnlly <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>