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We report the deposition of LiNb,TaO; (0=x=<1) films on (001 sapphire substrates in soft
vacuum using a radio frequency thermal plasma. The growth rate, crystaliiratis orientation,

and surface roughness were examined as functions of substrate temperature, precursor feed rate, and
substrate surface condition. The film Nb/Ta ratio was well controlled by using an appropriate
uniform mixture of lithium-niobium and lithium-tantalum alkoxide solutions. The epitaxy and
crystallinity of the films were much improved when the film growth rate was raised from 20 to
180-380 nm/min, where the films with tti@06) rocking curve full width at half maximum values

as low as 0.12°-0.2° could be produced. The film roughness could be reduced by using a liquid
precursor with higher metal concentrations, achieving the root-mean-square value on the order of 5
nm. The refractive indices of the films are in good correspondence with their composition and
crystallinity. © 2003 American Vacuum SocietyDOI: 10.1116/1.1582451

|. INTRODUCTION and sol-gel processiAty?® have been proposed to grow
high-quality LN or LT layers mainly on sapphire substrates.
Thin films of ferroelectric oxide materials have been at'The LN and LT films with the best qua“ty have been re-
tracting great interest for numerous applications. Such appliported to demonstrate optical losses less than 2 dB(@06)
cations include microactuators, optical waveguide devicesﬁocking curve full width at half maximuntFWHM) values
spatial sensors and detectors, surface acoustic wave devicgs, 0.04°—0.07°, and surface root-mean-square roughness
imaging devices, multilayer capacitors for memories, and piyR__) values of 1.1-1.5 ni!22%2223owever, there have
ezoelectric film-based microelectromechanical systefns. been only a few reports on LNT film deposition. Kawaguchi
Owing to their advantageous electro-optical, acoustogt g, reported LNT film growth on LN substrates with 0
optical, piezoelectric, and nonlinear optical properties,<y<q.4 using the LPE methat In their experiment, the
lithium niobate (LINbQ, LN) and lithium tantalate fjjm crystallinity considerably degraded whes0.3, due to
(LiTaOg, LT) are certainly among the most promising mate-the increase of lattice mismatch and growth temperature.
rials for integrated and guided-wave optics devitésThus More recently, Chengt al. fabricated highlyc-oriented LNT
they are strongly desired as high quality thin films growngims with x<0.33 on Si111) substrates, using the sol-gel

with good surface morphology on substrates with low refraciechniquee. They also found that the degree obrientation
tive indices and high acoustic wave velocity. However, to,, relatively low at 0.5 x<1.

date, applications of the unique physicgl propelrties _of LN The thermal plasma spray CVIPS CVD method using
and LT, including large second-order optical nonlinearity, p"liquid source material was first applied by Yamaguehal 2

ezoelectric, pyroelectric, and elasto-optical effects, havgq: e preparation of preferentially oriented LN films with
been limited o d_ewces _fabrlcated from bul_k crystals. the deposition rate on the order of 100 nm/min, i.e., 10—100
Furthermore,  lithium  niobate-tantalate (LN Ta,O3, times faster than those of the most conventional vapor depo-

LlNT) f?rms "T C(:r?tmuotjs_scl)h_lqhsolurt]lon Ofl LN andt_LT tr}alfl'\ls_rsition methods. It has been proposed that the main deposition
aiso a Ierroelectric matenal. The physica properties o species in the TPS CVD are clusters, by analogy with the

vary with the Nb/Ta ratio from those of LNx&0) to those thermal plasma flash evaporation procés® More re-

— 6,7 H H
more atractve materil than LN of LT, because o physical /1 e reported the depositon of LNT figeneraly
' PYSICAL ith x< 0.5) on botha-Al,0O5 and silicon substrates and the

roperti n n m ngineerin ifications. . . .
properties can be tuned to meet engineering spec ceft ONS - ontrol of theirc-axis orientatior?”-3In order to meet tech-
In recent years, a number of deposition techniques includ-

ing liquid phase epitaxyL PE) 8‘1°sputtering”'12molecular nological requirements, it is important to develop films with
beam epitaxy(MBE),*® pulseéj laser deposiiiotPLD 14-17  large area and good crystalline quality. The crystallinity, tex-

metalorganic chemical vapor depositidMOCVD),518-20 ture, stoichiometry, and surfaqe morphology of films are
known to depend on the deposition temperature, growth rate,

3 and other fabrication parameters. However, in the case of
Author to whom correspondence should be addressed. Present addreas. L. o
Universife du Qudec ‘a Chicoutimi, Chicoutimi, Qukec, G7H 2B1, eposition from thermal plasma clusters, the possibilities of
Canada electronic mail: kulinich@terra.mm.t.u-tokyo.ac.jp controlling film morphology, orientation, compositional ho-
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mogeneity, and grain size are largely unknown. ThereforgasLe I. Summary of experimental conditions.
mati i re n r larify whether or n i
systematic studies are necessary to clarify whether o A e T o/ (N Ta) ratio.x

. . ) 0-1.0
thermal p_Iasma processing can be applied for manufacturmgower(kw) 16
high-quality ferroelectric films in the future. PressurgTorr) 150
In the present study, we apply the TPS CVD technique t@, tangential gas flow raté/min) 45
grow LiNb, _,Ta,O5 films on (001)-oriented sapphire within Ar carrier gas flow ratel/min) 3
the entire Ta (Bsx<1) composition. The influence of the A" SPray gas flow raté/min) 3.6
. . Ar inner gas flow ratel/min) 5
key deposition parameters., ie., ter_nperature, grpwth ratq;iquid feed rateR (mi/min) 05-10
substrate surface, and starting material concentration on falpeposition temperaturdi.,;, (°C) 570-800
ricated films’ characteristics is investigated systematicallyTorch-substrate distandem) 37
The optical propertiegrefractive index of the films are es-  Deposition time(s) 0.5-540
timated and related to their Ta content and crystallinity. ~ Substrate (001) a-Al,0,
’ Typical LNT film thickness(nm) 170-200

Il. EXPERIMENTAL PART The microstructure of the as-deposited samples was stud-

A. Film deposition ied using a Hitachi 9000 NAR transmission electron micro-
Scope(TEM), being operated at 300 kV. The cross-sectional
sample preparation procedure for TEM has been described
elsewheré® Phase identification and film orientation were

Details of the experimental procedure and scheme of th
plasma chamber have been given elsewf&t&?8Lithium-

niobium and lithium-tantalum alkoxide metalorganic solu- . . . . :
tions for dip coating [LINb(OR); and LiTAOR)g in provided using the conventional-26 scan x-ray diffraction
6 6

3-methylbutyl acetate as a solvent from Kojundo Co., Jépan(XRD) method and TEM. Thé001) out-of-plane alignment

were used as liquid precursors. The concentration of metal(scrySta"m'ty) of the films was determined by XRD rocking

in each individual precursor solution corresponded to 3 wtog Ve an_alysu{a scar)... . . .
The film composition was determined by inductively

LiNbO; or LiTaO;, respectively. These solutions were : o
mixed in the various molar ratios in order to obtain suitableCOUpleOI plasma atomic emission spectrosciP AES af-

proper source materials. For comparison, a similar Iithium—ﬁlr:_tnesglmrsixzf:g 0?162Zaﬁgrgzlt?\te'lryhedilr?:t?t/r?"n:n'lcgl Sncr;?f
niobium alkoxide solution with a higher metal concentrationtaintieg in4determinin the metal .concentrations were less
(10 wt % of LiNbO;) was sprayed in several experiments toth + 306 and+ 5% fg Ta(Nb) and Li ivel

examine the effect of the subproducs® and CQ during an =3v and=>v0 for 1a and L1, respectively.

deposition. As-supplied mechanochemically polished, as Th.e surfacg morphology was exam-m.ed by SEM and
well as annealed at 1000 or 1400 °@O01)-axis sapphire atomic force microscopyAFM) using a Digital Instruments

substrates from Earth Chemical Co. Ltd., Japan were cleane[%an_?scgpe ”Ial" belnglople;a:je(g n tapplntg mode with a Si
with acetone and ethanol prior to use. IP. 1€ Rms values, calculated by geometric average, were

. . 2 .-
Compared with the work of Yamagucat al,?* we used a determined for the observed area size af2um®. In addi

modified TPS CVD chamber, in which the plasma blowinggogbgggh-resolut||(_)ndf|teld em|5_3|or:hSE_M-t|_R|SEI\/I),t;htg;ncft}u .
direction was vertically upwarf~?°A liquid solution con- > » Was appiled fo examine ne initial growin benavior

taining metalorganic precursors was fed into a radio fre_of LNT on the substrate surface. The refractive index was

quency Q—Ar thermal plasma as a mist from the injection evaluated by means of spectroscopic ellipsometry.

probe. The substrate temperatuig,f) was normally con- || RESULTS

trolled within the accuracy of-5-20°C, depending on the _ N _

liquid feed rateR, and was directly monitored by measuring A- Film composition and lattice parameters

the infrared radiation from the reverse side of the substrate, |jNp, ,Ta,0, (0<x<1) films were deposited using

covered with golden foil, through an optical fiber. Table | seyen precursor solution mixtures with the Nb:Ta ratios rang-
gives a summary of the experimental conditions. ing from 1:0 to 0:1. Figures(&) and Xb) show the change of
the hexagonat lattice parameter, calculated based on the
(006 plane, and thea=Ta/(Nb+ Ta) ratio in deposited LNT
films as functions of thex=Ta/(Nb+ Ta) ratio in the liquid
The films were studied in a Hitachi S-4200 field emissionsource material. Figure(d) reveals that thec-axis lattice
scanning electron microscog8EM), and the thickness was parameters of LNT films were somewhat lower than those of
measured on fractured cross-section samples. The filthe bulk materials. They decrease from 13.84 to 13.72 A
growth rates, estimated from the film thickness, were dewith increasing the tantalum contemt= Ta/(Nb+ Ta), from
duced to depend linearly on the liquid feed r&eapplied. 0 to 1.0, while the bulk LNT specimens with=0, 0.5, and
They were within the range of 20500 nm/min, wHemvas 1.0 exhibitc parameters equal to 13.862, 13.815, and 13.755
changed from 0.5 to 10 ml/min for the low-concentration A, respectively, as also shown in Figal Thea-axis lattice
precurson3 wt % of LNT), and within the range of 90-500 parameters were calculated based on (h@4) and (110
nm/min, when the high-concentration precurébd wt% of  planes to be correspondingly somewhat higher than those in
LN) was applied aR=0.6—4.0 ml/min. bulk materials of similar stoichiometry. These results imply

B. Film characterization
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ratio in liquid source materiaiclosed circles and open diamonds, respec-

tively); film thickness was 170—-200 nm féa) and 150—600 nm fofb); for  Fig. 2. (a) Variation of LiNb,<Tay<0; (006) rocking curve FWHM as a

con_wpe}rison, thre_e points for bulk materials are also shown with open circlesynction of deposition temperaturE,,; all of the films have a similar

Solid lines are given only as visual guides. thickness of approximately 170-200 nm; three dependencies Rfor
=1 ml/min (open circle§ R=4 ml/min (closed circles and R=8 ml/min
(triangles are shown for comparisoiib) Variation of LiNk, 5T, s05 (006)

the existence of planar tensile stress of (BBDLNT film rocking curve FWHM(open diamondsas a function of liquid precursor
input at Tg,;=650—670 °C; the change of tH806) orientation factor for

plane ?‘nd film compression along tbeaX|s.. Figure 1b), the same samplgslosed diamondss also given. The solid lines are given
which is almost the same as reported previo&Siyresents only as visual guides.
the change of the film chemical composition with an initial
solution composition, as measured by the ICP AES method.
It is seen that the Ta content in the deposited films linearlygrowing heteroepitaxial LNT films for a variety of optical
increases with increasing initial Ta content in the liquid and electro-optical applications. However, a rather large lat-
source material and is very close to the latter, thus indicatingice mismatch on the order of 8%makes the deposition of
a precise control of the film composition by the depositionsmooth epitaxial LNT films with high crystalline quality on
method. This is also in good agreement with the Nb/Ta ratio$001) a-Al,O; difficult,®*216:1923
of the TPS CVD-fabricated films on Si substrates, measured X-ray patterns of highlyc-axis oriented TPS CVD-
by energy-dispersive x-ray spectroscépyt where good fabricated LNT films have been reported earfiet’ The
composition control was demonstrated as well. The metat-axis orientation degre@r orientation factorf, which was
ratio, Li/(Nb+ Ta), in deposited LNT films was estimated to previously applied for describing the degree @@06)-
be from 1.0 to 1.1. orientation of LN and LNT film$:1528.2%s used in this work
As discussed below and similar to TPS CVD-grown LNT to evaluate a film(006)-texture, too.[The parameter is de-
films on Si substrate®:*!in addition to those of the domi- fined as f=[1,(006)—IP°"*{006)]/[1—IP°*"**{006)],
nant LiNb, _,Ta,O; phase, weak addition&R22) and (444)  where relative intensity,(006) is the XRD intensity of the
peaks of the Li-rich phas@.R), Liz(Nb,Ta)Q,, as wellas a (006) peak normalized by the sum intensity of all the peaks
set of very weak peaks of the Li-deficient phadeD),  of LNT between #=20° and 60° andP°"%*{006) is the
Li(Nb,Ta);0g, were also observed by XRD in LNT films same value for LNT powder. For randomly oriented poly-
deposited aff ¢ ,;<630-650 °C on sapphire. crystalline films or powdersf=0; for completely (006)-
oriented LNT films,f=1; and for partially oriented films,
0<f<1.] It should be mentioned that at optimal conditions,
the 170—200-nm-thick LNT films in this study reached the
Since the electro-optical properties of LNT material arec-axis orientation degree value as highfas0.98—1.00.
anisotropic and are strongly influenced by structural defects, Figure 2a) shows the film(006) rocking curve FWHM
growing epitaxial films and controlling their orientation and values as a function of substrate temperatligg, for the
crystallinity are very important issues. Since both LNT andthree growth rates of 40—5@pen circley 180—190(closed
sapphire have hexagonal crystal structures and the latter hascleg, and 360—380 nm/miritriangles. Since the results
a lower refractive index, sapphire is a good candidate foiof rocking-curve XRD measurement are affected by film

B. Orientation and crystallinity
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Fic. 3. HRSEM images of two LNT samples deposited onto as-supplied Substrate temperature ( °C )

(001) sapphire for 0.5 s af,,=650 °C and liquid feed rat®=2 ml/min

(@ and R=8 ml/min (b); nominal growth rates correspond to 90—-100 and Fic. 4. Change oR,, roughness as a function ¢ liquid feed rateR

360—-380 nm/min, respectively. employed and(b) average substrate temperature during deposition. The
films examined are of similar composition Lijlblay O3 and thickness of
around 170—-200 nm. AFM images for the films marked in black are shown
in Fig. 5.

thickness, all of these films have similar thicknesses of 170— 9

200 nm. Rocking curve widths are seen first to decrease with

increasing Tg,, iMplying the improvement of crystalline ) ) .
quality. Then, after they exhibit a small temperature depengbservatlons. It is seen that at a same deposition temperature

dence(at 640—710°C for 180—190 and 360—380 nm/min;fhe LNT nucleation behavliorf_cljiffers whr?n Iiguic:] precursor’s
and at 610—-660°C for 40—50 nm/mjrbroadening of the eed rate(and consequently, film growth ratés changed.

Y 9,10
(006 rocking curve FWHM starts again at elevat®d,,, In contrast to the results of Kawaguckt al”~" and

6 .
indicating LNT film crystallinity deterioration. The latter ef- Cheng et al,” under opﬂmal Substrate temperatures and
fect, as has been reported previoi€lys accomplished by growth rates, thé¢006) rocking curve FWHM values of the

the change from thé06) texture to the012) orientation of LNT films were almost constant and were independent of the

LNT films, as well as td104) and/or(110) texturing in many tantalum composition within _the entire Tg content_ range 0
cases. Figure (B) presents the variation of the film crystal- =x=1. The nr?rrlgwest f.rlo C"'T‘g ﬁ_urve &N'dth obtt)alned dfor
linity and (006)-orientation degree as functions of liquid feed 170-200-nm-thick LNT films in this study was observed to

rate(corresponding to growth rates of approximately 20-500P€ 0-12°. Also, in cqntrqst to the report .Of. Feigelé%mg
nm/min) at the fixed deposition temperature kept atLNT 170-200-nm-thick films did not exhibit any cracking,
650—670°C. It is seen that at a constant averhgg, both although thicker films of 400—600 nm have often been found

the c-axis orientation degree and crystallinity of LNT films © demonstrate cracking on cooling.

are much improved by employing an increased source input
until R<8 to 9 ml/min (growth rates up to 380—440 nm/
min).

TEM observation revealed that a large part of LNT films  Optical and electrical properties of LNT films are strongly
grew epitaxially’>3?> Moreover, the epitaxial relation was influenced by their surface morphology and structural de-
significantly improved when the liquid feed raRewas raised fects. Previous work has shown that surface scattering can
from 0.5—1.0(where a thin amorphous interlayer betweenaccount for up to 50% of the optical loss in a thin fifm.
films and substrates was often obsef?€8 to 7.0 ml/min®? Figures 4a) and 4b) present two independent series of
and this is in good agreement with Fig. 2. Figure 3 presentgxperiments which show the influence of the liquid feed rate
HRSEM surface images for two LNT samples deposited ontdr (corresponding to growth rates from 20 to 500 nm/n@h
the as-received sapphire Rt=2 (a) and 8 ml/min(b) fora  constantT,,=660—670°C and the substrate temperature
short period of 0.5 s. Before the HRSEM examination, theT, at a growth rate of 180—-190 nm/min on the average
samples were sputter-coated with approximately 2-nm-thiclsurface roughness of LNT films. It is seen that films exhibit
Pt, and therefore some difference in contrast might resulsmall feed-rate and'y,, dependences of theiR,,s at R
from the relatively nonuniform Pt coatings of the two speci- <8 ml/min andT4,<700 °C, respectively, and the rough-
mens and/or from different instrumental adjustment duringness valudR,,,c= 9.5—14 nm can be achieved at these condi-

C. Surface morphology
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Fic. 5. Change of LiNb_,Ta O3 (x=0.5) film surface
morphology as a function of average deposition tem-
perature: (8 595°C ([Rs=14.2nm), (b) 660°C
(Rims=10.1 nm), (c) 703 °C R;ns=15.6 nm), andd)
750 °C Rime=25.8 nm); 2X2 um? areas are shown.
The films were grown to 170-200 nm thickness at
180—-190 nm/min.

tions. In addition, Fig. 5 gives AFM surface images for sev-and 1000°C for 1 lfFig. 7(a)]. The deposition temperature
eral films fabricated at different temperatures which areemployed wasT = 640—650 °C, which normally resulted
marked in Fig. 4b) with closed circles. y ___in LNT films with very high(006) orientation on as-supplied
To examine the effect of plasma composition on the films'spsirates f( on the order of 0.95-1)01t is seen that on
roughness, in some experiments, a LN liquid precursor withy b« ~tec annealed at 1400[Fys. 7b) and 7c)] the films

10 V\r/]t|%303t3|—y Wasl used. Smce tf:ls_plrec;utrﬁor provu:_elzshad significantly lowef006)-texture and crystallinity, which
rougnly . IMes 1ess organic matenal at fhe same i, . improved by using the substrate after a softer annealing
growth rate(and consequently, lowerJ® and CQ concen-

[Fig. 7(@].

trationg for the plasma, this was expected to have a signifi-
cant effect on the entire deposition process. In fact, several
LN films fabricated with such a precursor demonstra®eg,
values of 5-10 nm, whereas the LNT films grown at the
sameTg,,=650-700°C and growth rates of 180—-500 nm/
min normally hadr,,=10 nm(Fig. 4). Figure 6 presents an
AFM surface image of the LN 190-nm-thick film deposited
using a 10 wt% LN metalorganic precursor at 190 nm/min
and Ty, at approximately 680°C. The film demonstrates
reduced surfac® s of 4.9 nm.

D. Influence of substrate surface

It is well known that as-supplied sapphire substrates are
produced with mechanochemical mirror polishing and there-
fore their topmost surface has irregular corrugations and
crystallographic defect§. Thus the atomic-scale flatness of
the substrate surface obtained by high-temperature annealing
of commercial sapphird®3*3*is expected to enhance the
epitaxial growth of LNT (G=x=<1) films333*

Figure 7 presents x-ray patterns for the LNX=(0.5) _ ) o
films deposited onto anneal€d01) sapphire substrates. The E'SG_'spr'ﬁzgﬂsi‘;g?r‘;fe”;%mﬂ?% L:T;rﬂs Cc’gn"c"e\'r%?mi%\fnrﬂfl'_ﬂ; ;'r';“c[?r”

substrates, whose surface topographie; are presented in Figr at 680-3 °C and 190 nm/min. The average roughness estimated for the
8, were heat treated at 1400 °C for ZFigs. 1b) and 4c)]  2x2 um? area isR,,c=4.9 nm.

J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul /Aug 2003
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Fic. 7. X-ray patternglogarithmic intensity of LNT films grown on an-
nealed (001) sapphire atTg,=640—650°C. Annealing temperature and
deposition rate were: 1000 °@ h) and 360 nm/mir(a); 1400 °C(2 h) and
360 nm/min(b); and 1400 °Q2 h) and 180 nm/mir(c), respectively. Films
were grown to be approximately 170—200 nm thick, and tt@d6) orien-
tation factors and crystallinities are indicated.

E. Refractive index

In order to estimate the optical quality of the LNT films,
the ellipsometric spectra were analyzed by multilayer mod-
eling of the three-layefair, film, and substrajesystem. The
unknown optical constants of the LNT films were determined
lby flttlng the m_o_del function to the measured d%.&a’nd a . _treated at 1000 °C for 1 h, an@) heat treated at 1400 °C for 2 h; 2
east-squares-fitting procedure was used to obtain the fitting 2 um? areas are shown.
parameters and thicknesses of the LNT films. The estimated
film thicknesses were in good agreement with the values
measured by SEM. The ellipsometric method does not aIIOV\//ious work® the film lattice parameters remained un-
the separation of the two indices of anisotropic LNT materialchanged aft’er annealing in air at 750 °C for 6 h, which may
(ordinaryn, and extraordinary, which are in the direction be additional evidence that the LNT films are u'nder tensile
normal to thec axis' and along the:'axis, r.espectiveb)( stress. This agrees well with the data of Veignanal,'®
Therefore,_ onl_y one index), was obtained. Figure 9 shows who reported the mismatch parameter between the LN film
the refracnv_e index d_ependence on wavelength, as evaluat% d(001) a-Al,0, substrate to be 8.6% at 750°C.
fr(_)m th_e eII|psometr|c_ measure_ments OT the 17_0—200-nm- Figure 10 presents further evidence of the existence of
thick _L'Nbl‘XT@(_)? fims fabricated with (2) d!fferent film compressive stress along th@06) direction. It is seen
chem|c-a|.comp05|t|on>(.= 0.5, 0.6, and 0)rand(b) dlfferento that the crystal lattice of the films becomes more relaxed
crystallinity [(006) rocking curve FWHM values of 0.19°, when their thickness is increased. However, even for the 1.15

Fic. 8. Surface morphology ¢D01) sapphire useda) as-supplied(b) heat

0357, and 0.47°]. pm thick film, the hexagonat parameter still seems to be
far from a constant value. It is worth noting here that even
V. DISCUSSION LPE-formed LN films on LN substrates have been reported
A. Film composition and lattice parameters by Kawaguchiet al® to reach a_constarui Ia_\ttice parameter
' at approximately>15—20um thickness. It is also seen from

The observed film planar tensile stress of (d81) LNT Fig. 10 that the degree df06)-orientation gradually de-
plane is caused by the difference in the thermal expansiograded with film thickness, and thus a decrease of film qual-
coefficients of the film and substrate. As reported in our preity could be expected. In fact, even though at 1% the

JVST A - Vacuum, Surfaces, and Films
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analyzed were found to have Li/(NbTa) ratios very close

to 1.0, whereas the value 1.1 was typical for thinner films,
which after dissolution gave Li concentrations comparable
with the lowest determination limit for this element. Thus,

within the accuracy of our analysis, LNT films were consid-

ered to be nearly stoichiometric.

A slight inhomogeneity of the films fabricated at rela-
tively lower deposition temperaturdsee Fig. 7c)] is be-
lieved to result from the fast deposition from clusters, which
can have a compositional distribution, thus yielding some
film areas with slightly different metdLi, Nb, Ta) concen-
trations. When LNT films are fabricated at high rates the
order of several tens or hundreds nm/pfiom such clusters
at relatively low temperatures, in this case the surface species
mobility and film bulk diffusion are limited. As a result,
some compositional deviation of the film areas may be ex-
pected. This is in good agreement with the fact that the peaks
of Li-rich (LR) and Li-deficient(LD) phases became weaker
and finally disappeared when elevated growth temperatures
were applied. The fact that the above additional peaks
decreased/disappeared after postdeposition air annealing of
LNT films is further evidence of this assumption.

posited onto as-receive@01) sapphire substrates, as measured by spectroB- Orientation and crystallinity

scopic ellipsometry(a) Variation with film composition x=0.5, 0.6, and
0.7); all of the films were obtained at 90 nm/min afid,,=675+10 °C;

their (006) rocking curve FWHM was 0.32°—0.35%b) Variation with film

crystallinity; all of the films have the same compositiers 0.5.

film still has quite a strong-axis orientation {=0.89), it is

The behavior of LNT film crystallinity as determined by
XRD measurements at different substrate temperatures,
shown in Fig. 2a), is not well understood thus far. A similar
trend has been observed by Lee and Feigelson on both sap-
phire and Si substraté$? although their MOCVD method
provided considerably lower film growth rates on the order

optically opaque, which is probably caused by both increasedf 1-5 nm/min. They have explained the degradation of LN
surface roughness and decreased crystallinity.

The measured value of the metal ratio Li/(Nba),

film crystallinity on sapphire as a result of the vapor phase
nucleation of LN metalorganic precursor particles at higher

which was between 1.0 and 1.1, may be attributed to thd up.> At the same time, for Si substrate the surface free-
somewhat low sensitivity of the ICP AES technique to Li energy anisotropy approach has been prop8Satie latter
content at low concentrations and, consequently, the lowesuggests that at higher temperatures, ad-species can attain
accuracy of measurement of its concentrations. This suggesufficient surface mobility to rearrange themselves into
tion is confirmed by the finding that all thicker LNT films grains with the lowest surface free energy, which is assumed

Hexagonal c-parameter ( A)

Fic. 10. Variation of LiNR sTay =05 film hexagonal cellc parameter and
degree of orientation with thickness. The films were deposited onto as
received(001) sapphire substrates at 180 nm/min dng=670+10 °C for
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to be the(012) plane for LNT material$;** parallel to the
substrate surfac®® This change from thg006) to the
(012 texture leads, in turn, to deterioration of film crystal-
linity. Since, in contrast to the MOCVD employed by Lee
and Feigelson,in our experiment the deposition species are
expected to be thermal clustérs? it is reasonable to as-
sume that it is enhanced surface mobility that is responsible
for the FWHM line broadening at elevatdd,, in Fig. 2(a),
rather than any gas phase nucleation of metalorganic mol-
ecules.

The tendency of a growing surface to lower its surface
free energy through film orientation at a sufficiently high
surface mobility of deposited particles is well knof#t® On
this basis the shift of LNT film FWHM broadening at higher
growth rates towards higher deposition temperatures can be
explained. Actually, since the key factor, surface mobility,
governing the change in film orientation is suppressed by
higher material flux, th€006) texture of growing LNT films
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can be maintained at elevat@dg,;,, as seen in Fig.(@) and this point of view, more uniform LNT initial island distribu-
confirmed in Fig. 2b). tion on the surface seems to be more advantageous, as giving

To explain the reason for some decrease of film crystala more uniform island coalescence and lower surface
linity and (006) texture in Fig. 2b) atR=9 to 10 ml/min, we roughnesg.The LNT clusters formed in the plasma bound-
assume that larger clusters formed at high initial source inpt®'Y layer under higher raw material inpiits in the case of
R might be then imbedded into the growing film, thus giving R=8 mi/min, Fig. 3b)] are thought to have a greater aver-
rise to some deterioration of both film orientation and crys-2ge size and accumulation of internal energy than those
tallinity. However, we also cannot exclude the effect offormed at a lower material inpuR=2 ml/min, Fig. 3a)],
higher KO and CQ gas concentrations in plasma, which which further prc_)yldes them with a higher rearrangement/
become quite considerable when a larger amount of precuf:_rystallhzat'lon ability on the surface. However, one must also
sor (R=9 to 10 ml/min is injected. keep in mind that the cluster formation gas me@iw con-

It is interesting that the behavior of crystallinity and ori- ©€NtS of @, H0, and CQ gases and their various ions,
entation of TPS CVD-grown films demonstrates many simi-hich differ with different metalorganic material input
larities, with respect td,, and growth rate parameters, to might also influence both the initial and further growth be-
that of MOCVD-deposited LN films on Si substrate, where Naviors of LNT films, and this influence has not been studied
no epitaxial relation is expected and high film textures ard" detail thus far.

governed by growth rate anisotropy or surface free-energy As p?r(ra]wously reported, TPfS Cﬁ\éD_l:ﬁrqwn L';T fllr:ns n
anisotropy effects at low and high surface mobilities, 9€N€ral have some amount of twifisTheir number, how-

respectively’® Even though many aspects of such similaritieseve/r’ IS =€ rltr)]ysr:y redbucé)elzd at O%t'm?tl gbro;/vt: trathe.sr(]) f 180-380
are still not clear, we suppose that they result from the fasp v min, —which probably can be atinbuted o higher energy

deposition process with clusters on the order of a few nm a f_clusters as deposned Species _at these corldltlon_s. The
. : . winned grains, which can be described as a 60° rotation of
the main acting species.

It should also be added that, in addition to t@12)- the LNT structure about the axis and have only different

. . . in-plane relation to the substrate, are energetically less
oriented LNT grains which are assumed to have the lowe L vorablé and tend to disappear at higher deposition tem-
surface free energy:?°in our experiment$104)- and(110)-

textured arai | v d ited at elovated syBETaLres or during postdeposition anneafiity!® We also
extured grains were aiso generally deposited al elevaled sUge o cteq |NT films which were free of twinned grains when
strate temperatures. Note that this observation agrees w

) applied was larger than 710 °€ This is in good agree-
with that of Wuet al,'* who have also reported the occur- " bb g g 9

fthe th dditional ori ; tor PLD-f q I_Nment with the results of a number of investigators who used
rence of the three additional orientations for -forme different deposition methods to produce epitaxial LN films

fi!ms on fused silica aTsub>_650 °C. Thus, taking into con- on sapphiré 16171922 |nterestingly, however, Lansiaux
sideration the above-mentioned surface free-energy anisof; 4112 were able to fabricate magnetron-sputtered LN films

ropy effect, we suggest that it is likely that the surface free,y, (001) sapphire with almost no 60° rotated grains even at
energies for the two LNT surfaces, i.€104 and (110  ¢,ch a lowT g, as 490 °C.

planes, might be also lower than that of #@96) surface.

Therefore, under the conditions of a higk,, and fast depo-

sition, LNT grains with(104) and (110) orientation can also C- Surface morphology

nucleate and grow. The reason for the film surface deterioration Rt
Even though the details of the nucleation mechanism are-8 mi/min in Fig. 4a) is not well understood so far. Such

not yet clear and some additional paramet@sg., plasma pehavior can be attributed to a number of factors. On the one

gas contents, see belpwtill require further systematic ex- hand, somewhat less reliable temperature control at higher

amination, it is seen in Fig. 3 that when the growth rate wasiquid feed rates(caused by a greater amount of oxidation

increased from 90-180 to 360—380 nm/min, the shape of thgeaction heat from plasmaesults in more frequent devia-

LNT particles formed markedly changed from a dome-liketions of T,,; on the other hand, a larger amount of metalor-

shape to a well-oriented triangular-pyramidal one. Furtherganic materials injected at higher raw material input might

more, the number of deposited islands seems to be largethange the gas media over the growing filgiving more

and their surface distribution is also more uniform in Fig. gaseous kO and CQ), which could also influence the sur-

3(b). The cross-sectional TEM observations of the round andace morphology. Again, as in the case of crystallinity dete-

triangular islands in Figs.(8) and 3b) revealed their mainly riorated at increased feed rates, the possible formation/

amorphous nature and the dome-like shepeand the well-  incorporation of larger clusters/particles could also increase

crystallized, highly epitaxial and triangular-pyramidal shapeR,s.

(b), respectively. Taking into account all of the above data, it It is seen in Fig. &) that at relatively lower substrate

is thus seen that LNT films on sapphire deposited at highetemperaturesT,,;<600 °C), where LNT film crystallinity is

growth rates have better crystallinity and epitaxial relationbelieved to be poorer due to the limited surface mobility,

even from the very initial growth stage. films with a greater aspect ratio of grain height to diameter
It is well known that LN or LT film growth from a vapor are formed. Whef g, is then raised to 660 °C, owing to the
phase on sapphire follows a three-dimensiof\dImer—  enhancement of both surface diffusion and lateral grain

Weber or Stranski—Krastanper island mod&:*3°33From  growth, the grains coalesce with a lower aspect ratio and

JVST A - Vacuum, Surfaces, and Films
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much better crystallinity[Fig. 2(@)]. As a result, surface (c/6), which started forming and will become straight with
roughness decreases in the temperature rafigg, higher annealing temperatures or longer annealing time. In
=600-690 °C, where the films witR,,c=9.5-12.5 nm are contrast, Fig. &) shows variable step heights of6, c/3,
grown [Figs. 4b) and 8b)]. At T,=700°C, as a result of andc/2 adjacent to one another and with straight atomically
the further increase of grain size, larger valleys betweetflat terraces, which is in good agreement with previous
them are formed and developed. Consequently, the surfaseorks>192334|t is believed that the surface in Fig(c® has
roughness starts increasing agflfig. 4(b)], which is well  fewer defects than that in Fig(l® and thus provides a lower
observed in Figs. (®) and 5d) where gradual surface groov- LNT film nucleation density, as discussed above.
ing at elevated temperatures is shown. It should be added that detailed comparison of the present
The above observations on significant surface rougheningesults on anneale@01) sapphire and those from the previ-
at elevated',are consistent with those reported by Lee andous works'°3334confirm that the final sapphire surface de-
Feigelsor, who also fabricated their LN films from vapor pends significantly on annealing temperature and duration.
phase. Moreover, the surfaces of sol-gel-fabricated LN filmsTaking into account the data of Fig. 7 and those presented in
were reported by Onet al?! to degrade from being quite the above sections, very thorough optimization of both the
smooth at heat-treatment temperatures below 500 °C to bé&eat-treatment process and the TPS CVD conditions is
ing quite rough at 700 °C. Therefore surface roughening mayeeded to improve LNT films on atomically flat sapphire.
be considered as a general tendency of LNT films at in-
creased fabrication temperatures and appears to result from Refractive index
the lattice mismatch between the LNT film and the sapphire

substrate. As seen in Fig. @) and expected for LNT materialshe

index of refraction for the films produced at the same growth

tra:-erclie erlcglrr:o'rn gé%gﬁsfgﬁg?t;ﬂ;\%m izlngfﬂ_ﬂhﬁgn' rate of 90—100 nm/min and growth temperatirg,=675
P ' s™= - : +10°C (and therefore, having similar crystallinjtyde-

means thaj[ using highly concentrated Precursors may bc(:areases with the Ta contertTa/(Nb+ Ta) being changed
quite promising with respect to improvement of the LNT

! : . ._from 0.5 to 0.6 to 0.7. It is noteworthy that there is a lack of
film surface smoothness in the future. The important point . . -
. L ) : ny experimental values for the refractive indices for
however, to be overcome is the rapid increase of viscosity of . L : 7
iNb,_,Ta,O; materials in the literature. Xuet al.” calcu-

metalorganic solutions, when their concentration of metal LT .

. . . - ated the refractive indices of LNT for the crystal composi-
alkoxides is raised. On the other hand, the film’s somewha{cIons ofx=0.81 0.92 and 0.97. for which experimental val-
lower crystallinity (rocking curve FWHM=0.47°) and(006) SR ) P

" ues had already been reported. From their linear fit, the
texture f=0.9) imply that for the new precursor the depo- : .
o . numerical dependence of on the Ta content can be derived
sition parameters have to be further optimized.

to ben,=2.23-0.1%, which gives 2.135, 2.116, and 2.097
for x=0.5, 0.6, and 0.7, respective(yote that the equation
D. Influence of substrate surface gives then, value at\ =1064 nm). Taking this into consid-

As a result of a high-temperature predeposition substratgrat'on’ the three _LNT f||_ms n F'.g'(a.) demonstrate some-
heat treatment, the number of active sitasd consequently, what lower ref_ractlve indices, Wh'(?h IS belleve_d to be due to
the number of LNT nuclei formedon the substrate is the comparatively poor crystalllnlt_y of the f|Ims (FWHM
thought to decrease markedly, allowing grains wiith2) and :0‘32_ _0_'35 )'_ It Sh_OUId. be mentioned that, in ge_n(_aral, the
(104) orientation to be formed, as shown in FigcVand refractive index is mainly influenced by the crystallinity and
discussed previously. However’ th@06) LNT film o.rienta— density of the film"**Therefore the somewhat lower indi-

tion was somewhat improved frofr=0.56 to 0.77 when the ces of the f_ilms suggest_ the presence c_)f amorphous or not
growth rate used was increasglg. 7(b)]. This observation weII-'crystalllzed regions in the fllms' n F|g.'(@ grown ata

is also in good agreement with the above discussion, imply[elat've!y low growth rateIRfZ mi/min) " Wh'Chg'zS n agree-

ing that this occurred as a result of suppressing the surfa _ent with the TEM observations by Shibatbial.™ and with
ad-species mobility which in turn led to a bettiaxis ori- 9. 2. _ , .

entation(see Secs. llI B and IV B Then, when the substrate The above suggestion agrees well with Figo)9where

with less regular terraces was used, the fi0fi6) orientation the refractive '”d‘?x for the ITNT filmsx=0.5) IS much im-
was further improved, as shown in Figa¥. Note that peak proved, when theif006) rocking curve FWHM is decreased

intensities are plotted along a logarithmic scale in Fig. 7,from 0.47° t0 0.35° and finally to 0.19°. Note that the film

thus implving a constanto06) peak intensity increase from With.the_ narrowest FWHM demonstra_tes guite good optical
saumplle(?:)y![og(b) o (a) noos p ! Wi quality, i.e.,n=2.13 atA =800 nm, which is very near the

7 —
It is seen in Fig. &) that the as-receive®01) a-Al,0, value of 2.135 calculated by Xugt al.” for LNT at x=0.5.

has irregular small scratches and crystallographic defects, re-

sulting from mechanochemical polishing, as revealed in parY' CONCLUSIONS

by Shtanskyet al. with cross-sectional TEM The surface Highly c-axis oriented LiNh_,Ta,O; films with high

of the substrate aftel h heat treatment at 1000 {€ig. 8b)]  crystalline and epitaxial quality have been fabricated on as-
demonstrates obvious surface restructuring and a set oéceived(001) sapphire substrates over the entirexX<1
atomically flat terraces with the step height around 0.22 nnrange using radio frequency thermal plasma in a seft &
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