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LiNbO; thin films were grown on (0001) sapphire substrates by a chemical route,
using the polymeric precursor method. The overall process consists of preparing a
coating solution from the Pechini process, based on metallic citrate polymerization.
The precursor films, deposited by dip coating, are then heat treated to eliminate the
organic material and to synthesize the phase. In this work, we studied the influence of
the heat treatment on the structural and optical properties of single-layered films. Two
routes were also investigated to increase the film thickness: increasing the viscosity of
the coating solution and/or increasing the number of successively deposited layers. The
x-ray diffraction 6-26 scans revealed theaxis orientation of the single- and

multilayered films and showed that efficient crystallization can be obtained at
temperatures as low as 400 °C. The phi-scan diffraction evidenced the epitaxial growth
with two in-plane variants. A microstructural study revealed that the films were crack
free, homogeneous, and relatively dense. Finally, the investigation of the optical
properties (optical transmittance and refractive index) confirmed the good quality of
the films. These results indicate that the polymeric precursor method is a promising
process to develop lithium niobate waveguides.

I. INTRODUCTION tronic or optoelectronic components. Moreover, micro-

optics such as channels and lenses can also be fabricated

In addition to its excellent ferroelectric and piezoelec-in thin films.*”*8

tric properties, lithium niobate (LiNbQor LN) has large For the above mentioned devices, the film must pre-
electro-optic and nonlinear optical coefficiedtdhese sent well-defined features. In particular, the LN thin film
characteristics make LN an attractive material for opto-should be epitaxially grown or at least highly textured
electronic and acousto-optical applications such as waveince the properties of this anisotropic material depend
guides, modulators, second harmonic generators, angh the crystallographic orientation. It is well known that
transducers.For miniaturizing and integrating these de- the growth orientation strongly depends on the nature of
vices, different processing methods have been developafe substrate. The use of silicon substrate for LN thin
to prepare LN thin films, including sol-gel procesS,  film deposition is interesting because it allows an inte-
metalorganic decomposition (MODB)chemical vapor gration compatible with the semiconductor technology,
deposition (CVD); metalorganic chemical vapor depo- but usually only polycrystalline LN films are ob-
sition (MOCVD),’ liquid phase epitaxy (LPE)S sputter-  tained®22 However, some authors have succeeded in
ing,"**? and pulsed laser depositidf.*® Compared to preparing textured LN thin films on silicon substrates, by
bulk devices, thin films are of much interest because thegputtering or pulsed laser deposition, using a buffer
potentially allow monolithic integration with microelec- layer** or an electric field during depositioti. Epitaxial

LN thin films on LiTaO; and MgO-doped LiNb@sub-

strates have also been reporfdolt the very small dif-

a)address all correspondence to this author. ference in optical index between the film and the
e-mail: p-bouquet@iris.ufscar.br substrate is not ideal for waveguide applications. The
2446 ERALD J. Mater. Res., Vol. 15, No. 11, Nov 2000  © 2000 Materials Research Society

http://journals.cambridge.org Downloaded: 16 Jan 2014 IP address: 186.217.234.90



http://journals.cambridge.org

V. Bouquet et al.: Epitaxially grown LiNbO; thin films by polymeric precursor method

most common substrate used to obtain LN epitaxial thirprepared separately and then mixed together. The subse-
films is sapphire. Despite the fact that sapphire has guent addition of ethylene glycol and the heating of the
large lattice mismatch and a thermal expansion coeffimixture led to a polymeric precursor solution, the vis-
cient significantly different from LN (Table I), it has cosity of which was then adjusted by adding a controlled
the same structure and a much lower optical index. Iramount of HO.

addition to the required epitaxial or textured growth, the

film must also present a minimal thickness estimated aB. Thin film process

200-300 nr® and should be free of imperfections such  The LN thin films were deposited by dip coating on

as porosity and surface roughness. To achieve opticahpo1) sapphire substrates and then heat treated under
losses lower than 1 dB/cm, angzRgs roughness of the flowing oxygen. The (0001) substrate orientation was
order of 1 nm is required. ~ chosen to promote the-axis orientation of LN films,

In previous works, we have reported the preparation ofyhich is preferred for a waveguide device due to the
LN thin films by the polymeric precursor meth88***  |3rge electro-optic and nonlinear optical coefficients of
The overall process, also used to prepare other oxide thifN along this direction. The different parameters used
films such as SrTig?® and SrBiNb,O,,*® consists of  for the film preparation are summarized in Table II.
preparing a coating solution by the Pechini process, For single-layered films prepared from a coating so-
based on metallic citrate polymerizati®hThe precursor |ytion of 10 cP viscosity (films F1 to F4), various heat
film is deposited by dip or spin coating and then heatreatments were examined. In the earlier wdtian in-
treated to eliminate the organic material and synthesizgrease of the heating rate from 1 to 5 °C ffiappeared
the desired phase. The polymeric precursor method ig) improve the film quality, while a treatment at tem-
attractive because it allows high stoichiometric control aerature higher than 550 °C led to grain growth and sur-
well as the possibility of working with aqueous solution. face degradation. Taking into account these results, in the
Moreover, it is a low-temperature process and a costpresent study we treated the single-layered films, from
effective method. With this process, we have alreadygg to 550 °C, with heating and cooling rates of
succeeded in preparing polycrystalline LN thin films ons °c mjn2, Two-step heat treatment was also examined,
silicon substrate$-**We have also reported a prelimi- \ith a preheating at 350 °C for 2 h followed by a fast
nary work on LN thin films deposited on (0001) sapphire heating rate of 20 °C miit to reach the crystallization
substrated? The structural and surface characterizationstage. It should be noted that this rapid heating rate was
indicated films had (0001) oriented growth and surfaceschjeved without cracks occurring in the film because the
smoothness of Rus < 2nm (approximately 40 nm qrganic material had already been eliminated during the
thick). However, the x-ray diffraction rocking curves full pretreatment. The final thickness of the single-layered
width at half-maximum (FWHM) revealed significant fjjms varied from 36 to 71 nm, according to the heat
mosaic characteristics of the films (FWHM > 1.2°), treatment (Table 1I).
which may be a limiting factor for waveguide applications.  additionally, two routes were investigated to increase

The aim of the present study was to improve the Mi+he film thickness (films F5 to F11): increasing the vis-
crostructure of the LN thin films prepared by the poly- cosity of the coating solution or/and increasing the num-
meric precursor method, as well as to determine, for thger of successively deposited layers, hereafter referred as
first time, their optical properties. Two routes were alsomytilayered films.” In the earlier work? only the route

investigated to increase the film thickness. of multilayered films was investigated, using the process
“layer after layer crystallization.” In the present study,
Il. EXPERIMENTAL 2- and 4-layered films were prepared in the following

way: each layer deposition was followed by the pretreat-
ment at 350 °C. A crystallization treatment was per-

The preparation of the coating solution was based ofiormed only after all the layers were deposited.
the Pechini process and has been reported in detail pré&ccording to the viscosity of the coating solution and to
viously?? Lithium and niobium citrate solutions were the number of layers, the final thickness of these films

A. Coating solution preparation

TABLE I. Physical properties of LiNb@and sapphiré®?3

Lattice parameters Refractive indices Thermal expansion
Crystal structure A) at\ = 632.8 nm coefficient (at 25 °C)
LiNbO, Hexagonal a, = 5.148 n, = 2.286 a;, = 15 % 10°
¢, = 13.863 n, = 2.202 agz = 7.5x 10°
Sapphire Hexagonal a, = 4.758 n, = 1.758 a;, = 8.3x10°
¢, = 12.990 N, = 1.76 azs = 9.0x10°
J. Mater. Res., Vol. 15, No. 11, Nov 2000 2447
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TABLE II. Processing conditions and final thickness (determined by ellipsometry) of LN thin films prepared by the polymeric precursor method.

Final
Coating solution Heat Number of thickness
Film viscosity (cP) Pretreatment treatment layers (nm)
F1 10 550°C, 1h 1 71
F2 10 450°C, 4h 1 44
F3 10 400°C, 8h 1 52
F4 10 350°C, 2h 550°C, 2h 1 36
F5 8 550°C, 2h 1 54
F6 15 550°C, 2h 1 70
F7 20 550°C, 2h 1 79
F8 10 350°C, 2h 550°C, 2h 2 50
F9 20 350°C, 2h 550°C, 2h 2 98
F10 10 350°C,2h 550°C, 2h 4 71
F11 20 350°C, 2h 550°C, 2h 4 121

ranged from 50 to 121 nm (Table Il). The study of theirrange for all the single-layered films (F1 to F7) presented
structural and optical properties will allow us to deter-the same profile, revealed theaxis-oriented growth,

mine the best route to fabricate thicker films. even for the films prepared from coating solutions of
higher viscosity. For example, Figure 1(b) shows the
C. Characterization techniques XRD spectra restricted to the 45° to 55° range obtained

for the films treated at different temperatures. The results

i ;?ee d sbtru;trua[al d?#g;%i”&ﬁ%ff);hz ;':?nz;vrzreécv\ae;'revealed that crystallized films could be obtained at tem-
9 y y P peratures as low as 400 °C, which showed the potential

diffractometer (Siemens D5000, Germany) using e of the polymeric precursor method. Note that some XRD

radiation ¢ = 1937 A) with a manganese filter. In ad- spectra did not present the substrate peaks, which was

dition to the usuab-26 scans, the rocking curves (i.e., -
due only to the sample position on the sample holder.
w-scans) around the (0006) LN peak were recorded (G In the6-26 scans of the multilayered films (F8 to F11),

measure the angular dispersion around the growth Xipe only peak characteristic of LN observed was also the

233H"[\;1uslto deftt(;rmlnek_the orlentatlondqtuallty. g?)e(0006) reflection, indicating-axis orientation. However,
o values ot the rocking curves were determined by, iner peak was detected just beside the (0006) LN
fitting the experimental curve with a Gaussian funcuon'reflection As an example, Figure 1(c) shows the XRD
To study 'ghe '”‘P'a’?e orientation O.f the films, ph"s‘.:‘;.‘msspectra restricted to the 45° to 55° range obtained for the
were carried out with a texture diffractometer (Phlllpsmultilayered films prepared using a 20 cP viscosity so-
PV_\r/h?;o?.?r'anour?ggg' moroholo as observed with alution. The additional peak could not be indexed as a LN

! . b gy w ved wi reflection and, thus, may have been due to another phase.

field-emission scanning electron microscope (JEOL : :
: ~ ~Jt should be pointed out that this peak was not observed
JSM-6301F, Tokyo, Japan) operating at 7kV. The optica n the earlier work? for the multilayered films treated by

transmittance measurements were carried out in thﬁ1e layer after layer crystallization process. Moreover, it

Wayelength range of 190-800 nm using a (;ary oG (AUSWas clearly observed that the relative intensity of this

%eak, compared to the (0006) LN line, strongly increased
with the number of layers. A similar peak was already
observed for LN thin films grown on sapphire substrate
by pulsed laser deposition and was ascribed, in that case,

determined with an ellipsometer (Jobin Yvon, Franc
using a He—Ne laser beam & 632.8 nm) with an in-
cidence angle of 70° with respect to the normal of

the sample. to the (602) LiNb,Og reflection!®?® The authors suc-
ceeded in eliminating this Li-depleted phase, which is
IIl. RESULTS AND DISCUSSION uno!esirable becaus_e it is not ferroelectric, by using Li-
o enriched target§ or increasing the oxygen flow during
A. Structural characteristics deposition® The preferred orientation of LiNSDg on

Figure 1(a) shows the-26 scans, ranging from 5° to c-cut sapphire is attributed to the small difference in the
55°, obtained for a single-layered film and a sapphirgonic arrangements of the (@) LiNb;Og plane and the
substrate. The only peak characteristic of LN that can b006) sapphire plane, as explained by Fujiraehal > In
observed is the (0006) reflection, indicating higlaxis  this present study, further investigations are in progress
orientation of the film. All the other peaks were ascribedto confirm the presence of the LiNOg phase and to
to the substrate. The-20 scans obtained in the same localize it, i.e., to determine if it forms at the film—
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FIG. 1. (a) XRD patterns for a single-layered film and a sapphire
substrate. (b) XRD patterns of single-layered films prepared from a ®-**Zzzss
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reported in literatur&® was very good, considering the
large lattice and thermal expansion mismatch between
the film and substrate. Note that this value could be con-
sidered as the instrumental broadening of the diffractom-
eter since the FWHM value obtained for the (0006)
sapphire substrate was almost identical: 0.07°
[Figure 2(b)]. However, the rocking curves of the films
presented a relatively broad tail with FWHM varying
from 1.46° to 2.81°, according to the processing param-
eters. The presence of a broad tail had already been ob-
served by some authors for the same film/substrate
couplé and also for other systems such as GeO
sapphire®® A profile such as this one indicates the co-
existence of a nearly perfect material and a little more
distorted one. In the case of Ce@rown on sapphire by
pulsed laser deposition, X. Castlal 3° suggested that
the top surface had a very good crystallographic structure
whereas the interface with the substrate was distorted.
Furthermore, H. Nashimotet al® also proposed a “two-
layer” structure in the case of LN thin films prepared by
sol-gel, but considering the highly oriented layer near the
film—substrate interface. In our case, it is difficult to con-
clude the nature of the structure without performing other
experiments. However, the large lattice mismatch be-
tween the film and the substrate could create disorder at
the interface, which might lead to the presence of a dis-
torted region at the interface.

20, T T T T T T T T T
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T
28.334)>

10-cP viscosity solution and heat treated at different temperatures. (€p)

XRD patterns of multilayered films prepared from a 20-cP ViSCOSItY seoece. o
solution and heat treated under the same conditions.

substrate interface, as a result of a possible difficulty for
the oxygen flow to reach this region. We supposed a
vertical distribution rather than a lateral distribution be-
cause the peak was not observed for single-layered films.
The present results suggested that the presence of this
peak was directly connected to the heat-treatment proc-
ess of the multilayered films used in this work.

The (0006) LN rocking curves obtained for the single

Counts|

and multilayered films presented similar profiles, illus-
trated in Fig. 2(a). A very narrow peak with FWHM as (b)

T T T T T

AlLO; (0006}

« 0.07°

.o 1
{24.100

!
theta

L 1 '
scale 32. 120>

low as 0.08°, reve?-ling the _high degree of (_)rientationFlG. 2. Rocking curves (a) around the (0006) LN peak and (b) around
was observed. This value, in agreement with FWHMthe (0006) sapphire substrate peak.
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Figures 3(a), 3(b), and 3(c) illustrate the phi-scan ofThe phi-scans of the multilayered films were also com-
the LN (209 peak obtained for the single- and multilay- posed of two sets of three peaks, but it appeared clearly
ered films prepared using a 10-cP viscosity solution andhat the relative intensity of these two groups depended
heat treated under the same conditions (films F4, F8, andn the number of layers [Figures 3(b) and 3(c)]. The
F10). Because LN has anBcrystal symmetry (space volume fraction of the 60° rotated grains, calculated from
group R3c), a single crystal (or a quasi-single crystal the integrated intensity, represented 7% of the total dif-
such as an epitaxial film) should present a threefold symfracted volume for the single-layered film. This volume
metry in the phi-scan. In Fig. 3(a), a set of three mainincreased to 21% for the 2-layered film and reached 42%
peaks, spaced by 120°, revealed the epitaxial growth dbr the 4-layered film. It should be pointed out that this
the single-layered film. However, an additional set ofincrease was not observed for multilayered films treated
three peaks with lower intensity was observed, also preby the layer after layer crystallization process.
senting a threefold symmetry and separated by 60° from The presence of two in-plane variants in LN epitaxial
the main peaks. This result suggested the presence in thigin films has already been observed and discussed by
epitaxial film of two variants rotated by 60° (or, equiva- several authors3* According to Derouiret al.? the cat-
lently 180°) with respect to each other about thexis.  ion positions, and not the oxygen packing, are respon-

sible for the two orientations observed in LN thin films

10000 prepared by sol-gel. The authors suggested that the pres-
9000 Film 4 (1- layered) ence of the 60° variant was patrtially strain driven and,
8000 therefore, was influenced by lattice mismatch between
7000 1 the film and substrate and also by the film thickness.
Counts 6000 Strain in the film is minimized by the creation of dislo-
sooy -, 120° -2, cations, which leads to cation disorder. Feigeféaiso
000 0" observed the two variants in LN thin films prepared by
3000 N > MOCVD and explained that rotated grains were not en-
i 120 > 120, ergetically favorable and could be eliminated by postan-
R JW%JL*WML*M nealing. In the present work, the fact that crystallization
0 | T | treatment was performed only after all the layers had
(@) 0 o “ been deposited led to an increase of strains and, there-
10000 fore, to an increase of the misalignment in the plane of
9000 Film 8 (2- layered) the film.

8000

7000 4

oo | B. Surface morphology

Comnts o] The microstructure study revealed that all the films
4000 120° were crack free and homogeneous. To observe the pres-

3000 — ence of pores, high-resolution SEM observation

2000 ] 120° (100,000x%) was performed. Figures 4(a), 4(b), and 4(c)

10001 .A display the micrographs obtained for the single- and

0 “'w‘ . : ] multilayered films prepared from 10-cP viscosity solu-

(b) 200 - 0 1b tion and heat treated under the same conditions (films F4,

F8 and F10). It was observed that the size, shape, and
quantity of pores were modified with the increase of the

2000

1800 Film 10 (4-layered)

i~ layer number. Whereas the single-layered film presented
1400 120° some circular pores with an average 20-nm diameter, the
1200 " . 2-layered film had pores of irregular shape, more elon-
Counts 10001 gated (approximately 40-nm length and approximately
800 15-nm width). Some irregular pores were also present in
600 the 4-layered film but were smaller. A similar micro-
4001 structural evolution with the number of the deposited
2001 layers was also observed for the films prepared from the
’ - I . 1 20-cP viscosity solution. It should be pointed out that
(© 100 oy “ it is important to control the film porosity, particularly

FIG. 3. X-ray phi-scans of films prepared from a 10-cP viscosityfor optical appllcat_lons' A h'Qh'Y densified film is gx-
solution and heat treated under the same conditions: (a) single-layerd¥€Cted to have a high refractive index close to the single
film F4, (b) 2-layered film F8, and (c) 4-layered film F10. crystal value.
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C. Optical properties

Figure 5(a) shows the transmission spectra in the
ultraviolet—visible region obtained for the sapphire sub-
strate and the single-layered films prepared from the
10-cP viscosity solution and heat treated at different tem-
peratures. Fron\ = 250 nm, the transmittance of the
films began to increase and reached 65% &t 350 nm.
Hur et al.*° observed a drastic rise of the transmittance at
a longer wavelength, about 300 nm, with LN films pre-
pared by sol-gel. In the spectral region of 400-800 nm,
the samples exhibited a high transmission (>70%), which
confirmed that the films were relatively dense and ho-
mogeneous. Moreover, as the optical transmittance is
strongly affected by compositichthese results sug-
gested that the films were stoichiometric. On the other
hand, the increase of the solution viscosity affected
the shape of the cutoff, as shown in Figure 5(b). In par-
ticular, the film prepared from the 20-cP viscosity solu-
tion (film F7) presented a relatively steep transmittance
cutoff, close to the single LN crystal behavior, and, there-
fore, it indicated an excellent otpical quality. The multi-

100

L 80

g

@ 60

k=]

&

c a0} -~—S_ubstrate

= ——Film F1

—+— Film F2
20r —— Film F3
T

0 1 1 A 1 n 1 i 1 n J
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(@) Wavelength (nm)
100
L
g\i 80 r
8
& 60 |
£
2 40}
o
= —— Film F5
20 |- ——Film F6
—s— Film F7

0 1 1 n ] i n 1 n J

200 300 400 500 600 700 800
(b) Wavelength (nm)
© ' ' ' ' ) FIG. 5. (a) Ultraviolet-visible (UV-VIS) transmission spectra for a

¢ sapphire substrate and for single-layered films prepared from a 10-cP
FIG. 4. SEM micrographs of films prepared from the 10-cP viscosityviscosity solution and heat treated at different temperatures. (b) UV-

solution and heat treated under the same conditions: (a) single-layeradS transmission spectra for single-layered films prepared from coat-
film F4, (b) 2-layered film F8, and (c) 4-layered film F10. ing solutions of different viscosities and heat treated at 550 °C for 2 h.
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layered films also presented a high transmission (>70%film approximately 420 nm thick presented an epitaxial
in the spectral region of 400-800 nm. However, a slightgrowth and a crack-free, homogeneous and smooth sur-
shift of the cutoff to longer wavelength for the 4-layeredface** (Fig. 6). The Ry value, obtained for an area of
films (F9 and F11) was observed, which may have beed x 1 um, was 2.5 nm. The investigation of the optical
due to the large increase in film thickness, as suggestegroperties of this film (transmittance, refractive index,
by Zhu et al3? and optical loss) is currently in progress.

Table Ill summarizes the refractive indices of the dif-
ferent films, calculated from the ellipsometric mea-
surements. As lithium niobate presents anisotropic prop'-V- CONCLUSION
erties, the refractive index depends on the crystallo- C-axis-oriented LN thin films were grown oo-cut
graphic orientation. For the LN bulk crystal, the re- sapphire by polymeric precursor method, at treatment
fractive indices at\ = 632.8 nm aren, = 2.202 temperatures as low as 400 °C. The shape of the rocking
(extraordinary index) and, = 2.286 (ordinary index), curves suggested a two-layer structure formed by a
along thec-axis direction and in the direction normal to nearly perfect material (FWHM= 0.08°) and a little
the c-axis, respectively. However, the ellipsometric more distorted one (presence of a broad tail). The in-
method does not allow the separation of these two indierease of the coating solution viscosity and the succes-
ces. The single-layered films prepared from the 10-cRive deposition of several layers enabled us to increase
viscosity solution and heat treated at different temperain the film thickness without affecting significantly tlte
tures (films F1 to F4) presented a refractive index vary-axis orientation and without inducing cracks in the film.
ing from 2.035 to 2.24. These values were in agreemeriThe in-plane diffraction measurement revealed the
with those reported in literature for LiNbG'*®*3*Note  epitaxial growth of the films, with two in-plane variants.
that the refractive index is mainly influenced by the crys-The volume fraction of the 60° rotated grains increased
tallinity and density of the filn¥® which explains its with the number of layers, probably due to the fact
variation according to the heat treatment performed onhat crystallization treatment was performed only after
the precursor film. In particular, the low index obtainedall the layers had been deposited, which led to an in-
for the film treated at 400 °C suggested the presence afrease of strain.
amorphous or not well-crystallized regions in this In addition to their homogeneous and relatively dense
sample. The higher refractive index, close to that of thamicrostructure, the films exhibited promising optical
LN bulk crystal, was obtained for the film prepared from properties. In particular, the single-layered film prepared
the 20-cP viscosity solution (film F7), confirming the from the higher viscosity solution (20 cP) presented a
high optical quality already suggested by the transmitiransmittance spectrum and a refractive index close to
tance curve (steep cutoff). The 2- and 4-layered filmsthose of a LN bulk crystal. In the case of the 2- and
presented a refractive index ranging from 2.08 to 2.154-layered films, the results suggested that to perform the
These results are promising, considering that the crystakrystallization treatment only after all the layers had been
linity and density of these multilayered films can deposited was not ideal. Therefore, the layer after layer
probably be improved using the “layer after layer crys-
tallization” process.

Considering all these results, a 10-layered film was
successfully prepared from a 20-cP viscosity solution
using the layer after layer crystallization process. The

TABLE 3. Refractive index of LN thin films, determined by
ellipsometry.

Film Refractive index

F1 2.11

F2 2.24

F3 2.03

F4 2.08

F5 2.05

F6 2.14

F7 2.27

F8 2.09

F9 2.12 X 1.000 pw/div

F10 215 b Z 40.000 nw/div

F11 2.08 FIG. 6. Atomic force microscope image of a 10-layered film prepared
from a 20-cP viscosity solution.
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crystallization process was used to prepare a 10-layereld
film from a 20 cP viscosity solution. The preliminary
results obtained with this 420-nm-thick film showed that

the polymeric precursor method is promising to prepargg.

LN waveguides.
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