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AI3STt_CT

The solid sourcesMOCVD t_hnique u, employing a single powder vaporization
so_ composedof mixedb__t_ _antc compounds,hasbeamusedto grow

films of a rarity of _¢ mateaI_s, including lithium niobam, su_mtium
barlumnlobatc,andpomsiumntobat¢,P,_ultsfor pomsdumnlobatefilmsarcquite
prcltmin_, butindimtothata volatilepotassiumorganonmtallicsotu-cecanbe synthesized
which is useful for growing potassium niobate by MOCVD. High quality _dngl_phase (001)
orlenuxlstrontiumbariumnlobatefilmshavebeendq_osit_dwhich_/dbit wave.guiding
be_v_o:. 'I_e most extensive work has been done on lithium _obat_, which has been
deposited_imxtally on a vsde,ty of substm_. Oriented z-axis (001) films have been
grown on _-axis _apphi_ with and without a (111) orI_tcd platlnum ba._ cl_:tro_e and on
a bulk grown lithium niobate substra_. Films grown directly on c.axls sapphi:e al 700 C
exhibit x-ray rocking curve liccwtdths as low as .044 degrees, nearly p¢_ in,plane
orientation u detemdn_ by x-ray phi scans,andpc_-to-_ surfa¢_roughness less than

40 A, Opticalwavcguiding.has.bcen dvmonmatcd by a single prism coupling tex:_u¢ on
similar films 1175. 2000 A thick grown at 500 C, with optical losses of approximately 2
dblcmat632.8nm measuredbv_ 3.5cm longElms.Polarizationvs.dccuiof'_d
measurementson 1100 _ thickfilmsgrownonplatinumshowa hysmresisloopindicating
fearoelectric behavior.

INTRODUCTION

Although the bcta.dikcton_tc metalorganiccomplexeswere usedtosuccessfullygrow
_itaxlaloxidethinfilmsaslongagoas1973_,interestinthisclassofmem.lorganic
precursors remained at miniml levels for more than a decade.,Inteasc interest has only
recentlybccnrekindled (1987) due to the eme:gence ofthe worldwide effort to develop
reliable and reproduc_btethin film deposition techniques for high temperat_e
s_nductors, suchasyltriumbariumcopl:e-.roxide(YBCO). Many oftheheav_ metal
beta-diketonate compl_cs,includingbariumt_.amethylheptanedion_ts(Ba(thcr_,strontium
thdandothersreadilydecomposeatelc-¢atcdtcmpc_tums.The bariumcompound,for
_unplv, bcginz to dccompos_ and lx)lyme.dz_ almost as rapidly as it _ola_, even at
reduced pressures_. Althoughnew classesofmorestablecompoundshavebeendeveloped
recently_._,andtechniquesimplementedwhichhelptostab_z¢theheavymetal
metalorgardccomplexesinthevaporphase"_,reproduciblsgrowthofmany ofths

- technologicallyinterestingoxideshasoftcaproveddifficultbyconventionalMOCVD,
which relicsonbubbl_rscontainingthe mc_org_c precursorsheldatclcvatcd



temperatures for extended periods of time to provide the source vapor. Therefore, we
develop_ the Solid So_,ee Metalorgmic Deposition (SSMD) reactor which obviates the
precursor stability problem and allows reproducible growth of oxide thin films (on
substrates up to 4" in diameter) from these marginally volatile heavy metal diketonate
s0arces..

The SSMD technique has been described previously_a, Initially developed for
large area growth of the high tempemttn'e superconductor yttrium barium copper oxide, the
technique has been e_xt_ded to include various buffer layers such as CeO2 and MgO needed
for a-eactionbaniers on sapphire tubstrates, magnetic fiLmsincluding haematite (a-FeaOs)
andnickelcobaltoxide(NiCoOz),non-oxldessuchasthelowvoltagephosphorCaS doped
with terbium (a hybrid process using a liquid sulfur precursor), the supexionic conductor
gadolinium doped barium cexate (Gd:BaCeOs)for solid-state fuel cell development, low
xvaistivity Au/Cr brayers on quartz and hlghly resistive MoO_ films on quartz for mass
sp_trom_r applications, LaSrCoOs base electrodes for ferroelectrie applications, SiOa
films on silicon for Integrated optics, piezoelectric Rims such as lead zirconat_ titanatc and
lead magnesium niobate, and recently the electro-optic matzlJals I.iNb03, KNbO_ and
Sr_Bat.J_2Or. The SSMD reactor is beginning to be used by researchers in other
laboratofies_.9,to

Much of th_ development work for these materials has been publishexlza's or is in the
processof being prepar_d for publication. In this paper, in order to illustrate the power of
SSMD, we will de.scribe the reactor, bfidly mention the ferroelectrics SraBal.,Nb206 and
KNbOs, andthenfocuson thegrowthandpropertiesofthetechnologicallyimportant
electro-opticthinfilmlJ/qb03,usefulfora varietyofapplicationsincludingwaveguides,
modulators,andfer_oedectriememories.

MOCVD REACTOR DESIGN

The reactor configuration is shown in Figure 1. Metalorg.mic precursors, most of
which are readily available as dry inert powders, are ground together (If neexasary) in a
mortar and pestle. Although a variety of different ligands are available, we have found it
advantageous to use the same Ugand for all the sources which must be mixed together prior
to use to prevent ligand exchange and subsequent decomposition during volatilization. Most
of the oxide thin filmsto be described weredeposited using tcwamethylheptanedionate
(thd) compounds either prepared in-house of obtained from Strem'_.

The powders are packed into a 4 mm diameter precision bore quartz tube. This tube
is closed at the bottom and has a 0.4 mm longitudinal slot along one side to permit easy
exit of the vapor as the powder is volatilized. The powder density in the precursor tube
can be fixed by paeldng a known weight of the precursors to a fixed depth in the tube, or it
can be readily calculated by measuring both the weight of the tube before and after packing
and the height of the powder. This procedure permits accurate control of the growth rate
from run to run.

The precursor tube is placed in the U shaped quartz reactor and driven down into a
very sharp temperature gradient by a precision screw drive on the outside of the reactor.
The drive is magnetically coupled to the precursor tube. The sharp temperature gradient is
maintained by a quartz halogen lamp placed directly below a water jacket in the reactor.
The reactor is maintained at 1 - 760 ton" depending on the materials deposited, and ttac
precursor tube i.s driven down at rates of 0.1 - 5 ram/rain. Each of the constituent powders
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ina multi_mpontntmixturevaporizesatitsown paniou_rvaporizationtemperatureinthe

tera_ratumgm_t, andas longas thetubevelocityisconstant,steadys_ vapor_don
is obtained andconstant vaporcompositioncsuues_°. The t_mpemmrc _diem can be as
h_h as100 *C/ram,and the precursors axe vaporized_ the hot zone beforethey can
polymeriz¢ or decompose.

It takes about I second for the vapor to be swept through the reactor W the substrate
suffa_ by 300 seem of argon can_ea gas. 300 - I000 sccm of oxygen for oxide growth or
form_g gss (4_ 1_ in argon) for non-oxMes ate M_odu_ and m_,_ with thevapor
s_xcsm, and laminar flow is matn_ned by gradus]ly increasing the rescto: M_id¢diameter
from 14 mm to 200 mm at a 15 degree cone angle. The warm wall _eactor is maintained st

- 150-300 "C by keeping the U shaped portionof the quartz tube in a heated and insulated
metal box. Several different modifications of the substt'ateholder and heating assembly are
in use, two of which are described in refezences 1 and 2. Up to 4" diameter substrates can

be accommods_.in these reactors. Th_ configurationused for most of the films dcscrib_hue employs a diameter molybdenum disili_& flat (pancake) resistance h_s_e_. This
h_atcrisquitestableinoxygenatmospheresatlemperaturesover 1800 C andradiatesheat
toa 4" nickelsusceptorsuspendedbelowit. The substratcsarcmountedina quartzholder

- justbdow the susce_ptor,butnottouchingit. Temperature is mo_to:edwitha

_ thermocoupleembeddedinthenickel_sceptor,andcarefulsurfacemeasurementsofthe
oxide substr_tes in_ca_ a 200 C tempezzturedrop between susceptm"and the growing film.
All t_ml_mtures _,pomd in this paper are substrat_surfacetemperatures.

The reactor is held at 1 Ton up to near atmospheric pressure with a roughing pump

by adjusting a gate valve in the e0d_austline as well as manipulating flows through mass
flow controllexs. Du_g startup, the bypass ex.h_ustvalve is opened while th_ process
vacuum remains closed. After sevcxal mm of re.rants have vaporized,a _tcady stat_ vapor

composition is obtained. The bypass_lv¢ is closed, theprocessvacuumvalv_ is o_n_,
= and film growth begins. Although much of the warm wall reactor is kept at elevated
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exotic seals.
This type of upflow stagnation po_t reactor inherently produces very uniform film

growth since buoyancy and convective effects in the gas stream are mi_mized _2't_.The
laminar flow (Reynolds number < 1000) results in thin maduniform momentum, thermal
and solute boundary layers acrosstheentireareaof the substrate, and film growth occurs
by diffusion of the reactants and reaction products _oss this boundary layer from the well
mixed vapor in the r_aetion chamber to the substraU:surface. In this way uniform films
(:anbe grown across large area sabstrates. In principle, the area can be extended
mdofit_t_y by making the quartz tube larger in diameter and employing a larger diameter
heater While adjusting the total gas flows to ke_ the ReTnoldsnumber constant.

Tho quartz tube _ visual examination of any portion of tho reactor during the
process, For example, th_ vapor/solid iaterfaee tn th_ precursor tube is visually monitored
and its vertical position can b¢ adjustedby changing the power to the vaporizing lamp.
Any condensation or pyrolysis at unwantedareas in the xeaetor is instantly observable, and
wall tempcsamt'es can be atljusted accordingly.

STRONTIUM BARIUM NIOBATE

We have grown 2000 - 3000 A thick single phase (001) oriented SrrBal._O6
(SBN) on (100) MgO substrates. Optical waveguiding was demonstrated in these films,
The solubility range of the SBN films grown by SSMD is shifted slightly from the solubility
range reported for bulk $BN t_in the dir_tion away from the Nb apex of an isothearnal
slice through the terna.t,'yoxide phase diagram. Further details of this work are reported in
the paper by Lu et _1as.

POTASSIUM NIOBATE

Based on an early literalam_report of a volatile potassiumTHD compound", we
synthesized the nmtalorganic according to the repotted procedure, prepared a 50:50
mixture of the potassium and niobium thd powders, and grew one 2000 A film on c-plane
sapphire at 500 C. Theta-two them x-ray diffraction _mlysis indicated the film was not
entirely phase pure but contained a significant amount of oriented KNb03, indicating that
SSMD can be used for the deposition of cpitax]al thin films of KNbOs with a suitable
adjustment of the soureo composition to a larger K/Nb ratio. This is consistent with a
presumed lower sticking eoefficient (higher vaporization kinetics) of potassium versus
niobium on the film surface. Further work on this system is in progress.

_

LITttIUM NIOBATE

Although IJJqbOj thin films have been grown by a variety of standard techniques,
including sputtering 17,_ ablationtH,LPE_9)MBE2°) and sol-gel2t, there are to our

_ knowledge ordy two other reports of LiNbO3 grown by MOCVD_z). In the first case die
reported optical loss was very high (40 riB/era), and in the second the loss was not
measured. We ha.re grown epitaxial e-axis ( + z direction) LiNbO3 thin films on bare c-
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layexssputteredon thesapphix_substrates,andon bulk c-_is Lit_O3 substzams.The
growth rates for these fdms are in the range l0 to 25 A/mAn. The met.alorganic precursors
Nb(thd),_ and Li(thd) wex¢ e.ith_r prepaxcd according to the synthesis procedures given by
Hammond=_,ot obtained commerciatly from StremIt. The Nb(thd)4 was found to be quite
stable and _produciblc from batch to batch whether synthesized at Hewl¢_-Packaxd or
purchased. Howcvex, the quality of the Li(thd) is sensitive to details of the preparation
processandboththe color (whitewith yellow oveztoncs)anddegreeof d_ncssof the
powdervaries. This hasbccnfoundto havea profoundeffecton the depositionprocess
and quality of the fdms, and therefoz_we have used diffete.ndalscanning calorimetry to
look for differences between in-hou._ andcommercialpowders.The resultsindicate the
commercial Li(thd) is ptu_..,,,exhibiting only one majorp¢_ and one minor peak, The
Li(thd) syuthesiz_ in-house ¢d_bits an additionalIx_, is less dry and has less of a yellow
castthanthe commerdal IA(thd). We surmise that theextra_ is due to retainedsolvent
from oae of the synthesis steps, and that its e,ffc_t seems to be to stabilize the Li(thd)
against oxidation at higher temperature_ In the reactor.

: We find it difficult to avoid the formation of a gas.phase-nucleated white powder in
the reactor when using commercial Li(thc0. X-ray diffraction analysis of this powder
indicatesit is Li=CO3. Substratasurfacet_mperatu_shigherthan550 C generateso much
Li=CO=as the re,actuateapproachthesubstrate, that the films axeoftenopaquefrom
incorporated pazticulates. The in-house Li(thd) on the other hand, permits growth higher
than 750 C without the formation of this white soot. Addingthe r_utr_ thd ligand as a
vapor during the growth process with commetdal Li(thd) also seems to retard the vapor
phase reaction that leads to soot formation. This indicates the source impurity may be

. _etained thd ligand, which inhibits pxemature oxidation by pushing the chemical equilibrium
in the oppositedixcction,

- Higher growth temperatures (> 700 (2) lead to improved ¢tystallinity in the films,
butalsocanresultinthermalstressinducedcrackinginfdmsthickerthan1500A grown
on c-plea sapphire. Th_ higher growth temperaturesappear advantageous for
homoeptitaxial growth on LiNbO3 substrates, and the lower mmp_'ature.s (-500 (2) are best
for growing thick films on c-plane sapphire for waveguiding applications.

pha_e Equilibria and Chemical Characterization

At 950 C, the solid solubility field of the I.LRbO3 phase in the pseudo-binary Li20-
NthO5 phase diagram_ spans the compositional range from 47.7 to 50.2 mole percent Li20
as shown in Figure 2. It decreases to approximately 49.2 to 50.2 mole percent Li20 at 800
C and appears to narrow rapidly at temperatures lower than 800 C. In SSMD, deposition
iscardedoutatmuch lowert_mpemture.s,particularlyonsapphiresubstrates,andasa
resultthestoichiomca'ymustbecarcfutlycontrolled. Outsidethesinglephase existance
regime,a LiNbO3+ Li3NbO4twophaseregionexistsontheLi-richside,anda LiNbO_
+ LiNb00,twophaseregionexistsontheLi-poorside.Ata growthtemperatureof640
C, dependingontheexactstoichiometryoftheLi(thd)we findthatphasepureLiNbChcan
bcgrownforpowdercompositionsbetween65-67molepercentLiasshowninFigure3,
whcrea.s (222) Li_NbO,t begins to appear at 70% Li and (220) LiNb_O_is prcs=nt at 60%
LL Homoepitaxial growth of thick films (> 1/_m) on LiNbO_ bulk substrates must take
place at much higher temperatures, since the composition of the bulk LiNbO_ is fixed by
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Figure 2. Li20-Nb20_ Equilibria.

the congruentlyn_ting compodtionshownin Figure2, endthesubUratemaystartto
dccomp0_ when held at lower lcmpcm_cs in the two pha._ region during the time needed
for film _owth. However we have _'own 2000 And'tram films on both +z and -z
LiNbO3 subsUa_..sat 500 - 700 C. _d find thatsubstnto dccom_dtio, is not yet al_ar_t
durL'tgthe I - 2 hour growth runs. The films grow in the +z directioneven i_ the ..z face

.ofthe substrat_ is used for film growth. This was readily dUeamined by etching the films
m I-IF, since the +z face etches very slowly while the -z face is etch_ quit_ rapidly,to a

.rough surface_

One interestingapplicationfor thick films on bulkLiNbO+substmtes is the reduction
ofcationimpu_dcscommonly foundinbulk waveguides, which"may cause photore_act/vc
damage in the waveguide_ upon exposure to intense laser illumination. A SIMS scan
through a S000 Angstrom SSMD film into the Ut_O_ substraterevealed thatiron, one of
the chief culprits implicated in photmef_tive damage, is a factor of 30 lower in the film
thaninthe substrata.

StructuralCharacrerlzztion

An XRD off-axisphiscanoftheLil_O_ (012)peakgrownat 700C showsclear
- three.fold symmetry about the film plane normal as shown in Figure 4, and the peaks

coincide exactly with the np_bire s,bstrate (012) peaks, indicating excellent in-plane
odent_6onwi_ [t010]LiNbO_ [I [I010] sapphlm. As the growth temperaturedecreases,
more and more 60 degreerotateddomainsappear as shownin Figure 5. The influence of

_. stlbstrat_temperatureonotherfiJ.qlprol_tie,,.s was de_e,.,d for filmsgrownwitha fixed
_ourcecompositionof 65S Li.Th_ ttsultsaresummarizedinTableI.Thicknesseswere

mcasuz_bybothRutherfordbackscaRcring(RBS)andbymeasuringtransmissionasa
functionofwavelengthwitha uv-visible_me.ter. AlthoughRBS cannotdetect
lithium,thethicknesscouldbedeferral.nedfromtheniobiumpeakbyassumingthe





crystal valueof 13.867/_. The d-spacingof the (012) phnewasalso nlcasurcdand found
to be slightly larger than the reported bulk vRlue of 3.754 _. Using the d spacing of the
(001) and (012) planes listed in Table I, Lhea-axis latticg pa.mmeters could be calculated
and wc.r_ found to be 5.24, 5.22 and 5.20 A for films grown at 710, 675 and 640 C
respectively.CI'h_accuracyofthiscalculationislimitedbytheuncertaintyind_um,andis
estimatedtobeabout+0.06A.) Thea-axislatticeparametersarelargerthanthesingle
crystalvalue(5.1478A),whichsuggeststhefilmsareunderquiteabitoftensionatroom
temperature,

The Li/CuOa(006)rockingcurvepeakwidthprovidesagoodindicationoffilm
qualitysinceitassessesthespatiallyarea-agedout-of-planemisalignment.Ata growth
temperatureof710(2,a rockingcurveFWHM of0.044de.greed(Figure6)wasobtainedon
a filmgrownfroma 65% Lisourcecomposition,Indicatingncar-pe_cctout-of-plane
alignment.('rhgsapphiresubstratc(006)rockingcurvzFWHM valuewas0.007degrees.).
To our knowledge this is the best crystalline quality reported in the literature for a lattice
mismatchedlithiumniobatefilm.TherockingcurveFWHM increasesto0.I degreeasthe
depositiontemperaturedcerease,s to 500C.

The surfacemorphologyofthefilmsasmeasuredbyatomicforcemicroscopywas
quite smooth as shown in Figure 7 for a 1200 Angstrom film on c-plane sapphL_ grown at
700 C. The pe_-to-peaksta'facerouglmcssforthisfilmisapproximately40 A.

.Table "I".LiNbO3 Film Propergies
__ , , ,,...........

IipocNUtomoU'r ¢(Oao| a(Ol_ _
To ('C} T_ii _ m, W_.nm_s_" _o tA) (AI ewtoaVa_ r)

,_ i J__ ,, , i

710 _0"_ A _t._ 2.e7 l_eo A g,l_4 e.12 I$,1_1 _.79 0,04-4"
, ._... • ____. ........ ,

676 114"3_ 2.31 _-S7 13&,$,_ 2._/ 2.10 13,.801 3.75 0.053

640 1190 _ _._3 _.2d 1464A 2.2S 2,11 13.11Q Q1,77 O.Oe8
,. :....

Ho_: _ I_ubr P_ U_n_ss ts_ _ _ _o _,d fromRi_ _s la _0.0_.1o_e_

_fical Cha._ctefization

Optical properties were measured on fdms deposited on 10 rail thick rectangular c.
axis sapphire substrate.s measuring 1 em by 4 cm long using a single prism (ruffle) coupling
technique with a 632.8 nm He-N¢ laser. All the films measured were less than 2000 A,
thick and therefore suppoaed only one "IF,and one TM mode, The optical loss was
measuredhereand atXeroxPARC usinga siliconphotodlodecoupledtoa traveling
opticalfibertomeasureseatt_fromtheguidedmodeasa functionofdislancefromthe
couplingspot,andwas alsomcas_e,datArgonneNationalLaboratorybyimagingthe
scatterwitha CCD.cameraandextractinglossbyimageanalysistechniques.An early
2000A thickfilmwas measuredatHP tobe25-30dB/cm.Upon annealinginoxygenat
400 C for24 hoursthelossdroppedto3-5riB/era.Furtherannealingat500C for18
hoursincreasedthelossto8-9dB/cm.Thisfilmwas thenmeasuredatArgonnetobe
-.-8dBlcm(acurvefitofthedatayielded7.75dBlcm fortheTEo modeand7.73dB/cm for
theTMo mode.)Thisparticularfilmwasgrownintwostepsof1000_ eachandthefilm
was cooledtoroomtemperaturebetweenthetwogrowthruns,whichmay accountforthe
highloss.A numberofsubsequentfilmswiththicknessesof1100 to1400_ havebeen



measured both at _ and at Xerox. In these films the guided mode travels to the edge of
the 3.75 cm film and losses of approximately 2 db/cm for both the TEo and "1"_{0modes
have been measured. The loss for the TM0 mode is shown in Figure g. The
reproducibility of the measurement between the three laboratories appears to be about 1
riB/era. Peaks and valleys in the data in Figure 8 are caused by visually perceptible
irdaomogeneities in scattered light either in the film or on the fdm or substrate surface.
Anne.aSng one of these low loss films in oxygen at 400 C for three hours significantly
increased the scattering Instead of decreasing it as in the earlier film. The meeha.aism for
change in optical loss with annealing, also seen by Sehwyna for sputtered LiNbOs films, is
not well understood at this lime.

From the prism coupling angles, refractive indices were calculate.d using both RBS
and transmission spectra (spectrometer) thickness data and the results a_relisted in Table I.
The transmission _tra thickness values depend on short wavelmgth data, which are
complicated by th¢ fact that accurate refractive indices for wavelengths less than 400 nm
am not well known. It was necessary to use extrapolated valtw.scalculated from the
formula given inu. The calculatedtransmission thicknesses were found to be 10-20% larger
than the measured thicknesses. This discrepancy suggests that the refractive indices of the
films may slightly different from those measured for bulk single crystals.
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Figure 8, Energy loss for TM_ mode.

E!ectrical Char_et_:_ri.'._tion

We have grown I2Nb% films tO00 - 2000 A thick on sputtered (111) oriented Pt
base electrode layers on c-axis sapphire for electrical measurements. An x-my scan for a
1200 A'th2ck film (Figure 9) shows nearly 100% c-axis oriention with two unknown
impurity peaks. A number of electrical and electro-optic measurements on these fdms are
in progress, including polarization - field hysteresis loops using a Radiant Technologies,
Inc. RT66A analyzer_, and measurements of the electro-optic coefficients. At this t_me
we have preliminary hysteresis loop data. The films clearly exhibit polarization behavior as
seen in Figure 9 for an 1100 A thick film grown at 500 C. The data shown here are the

r/



result of th_AnalysisSoftwarefrom P.zd_t Tedmologics,Inc., whichfiltc.m out resistive,
and capacitivo ¢,om_eab from the hystm-esisloop. Although the mmanent polazizatioa
P, is ralher low, it may be consistent for such a thin film which can ordy be driven at very
low voltages b_'or¢ breakdown, but it is more likely that the film pmlauti_ on Pt are not
yetoptiC.
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" " " " Figure 10. Polarization-TWO1"llg'l_
voltage loop

Figure 9. Two theta soan for LINbOs for LINbO3 film.
on sputtered Pt on o-axis
sapphire {, represents
sapphire).

CONCLUSIONS

The soUd source MOCVD techr/qu¢ (SSMD) has proven to be useful for th_ growth
of tedmologtcally important de_tro-optio films. Impurity content of the films, pa_cularly
for iron which introduces photozefmcliv¢ &ange, is a factor of 30 lower than bulk
IiNb.O=. The optical loss of LilqbO_oa large uca substrate.sb todateabout 2 dB/om at
633.2 nm for fdms as thin as 1175 A. Initial m_asuremeats of polarization vs tidal confirm
domain switching is these (001) erie.arealthin films. 'I%¢ability 6f SSMD to grow large

- area uniform films at practical growth rates make this technique promising for further
deve/opm_t in this field.
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