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sapphire substrates by radio-frequency multistep sputtering
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(Received 14 May 2002; accepted 27 October 2002

Thick films of lithium niobate (LiINbQ) have been epitaxially grown on sapphire substrates by
multistep radio-frequency magnetron sputtering. We have investigated the optical properties of the
deposited layers by therline spectroscopy technique. The relationship between the film-substrate
interface, the surface morphology of the LiNp@yer, and the optical measurements has been
carefully established. Since this optical technique is sensitive to material defects, a detectable
degradation of the optical data is observed when the microstructure of the LifNimhanges. In
particular, the angular width of the excited optical guided mades varies with the film thickness.

This agrees perfectly with the evolution of the surface roughness as a function of the film thickness.
We report a surface roughneasss of 2 nm corresponding to an angular widtl# of 0.1° for the Tk

mode. The accuracy and the sensitivity of this technique can be advantageously compared to the
classical tool of atomic force microscopy. @003 American Institute of Physics.

[DOI: 10.1063/1.1530367

I. INTRODUCTION Il. FILM DEPOSITION

Lithium niobate (LiNbQ referred to as LN has re- LiINbO; films have been growin situ on (0001 sap-
ceived increasing attention due to its applications in opticaphire substrates by radio-frequency magnetron sputtering.
communications and wireless systems. LiNb@ also  The structure and the microstructure of the films have been
widely used in surface acoustic wave devices, sensors, arf@rrelated directly with the growth parameters. Structural
light modulators. The performance of these devices i€@nalysis of the LiINb@ films using x-ray diffraction(with
strongly affected by the material properties and numerougn)/ izs?sig%ml?;é?rtcﬁln’m zgfg'srl%pcylfrréa)aﬁgssgzgi a;:rfg?n:;
efforts have been made to improve the quality of LINbO The film morphology was investigated by SEM and AFM

films. Various techniques have been used for the deposition . .
. . . analysis, and also by the optical measurements. From the
of LiNbO; films on different substrates, such as sol‘gel,

tidh , i matrix of experiments, we have established possible transfer
pulsed laser depositionmetal-organic vapor deposition, functions for the deposition of epitaxial LiNpQayers. Table

and sputtering:® Typically, the film thickness is very thin | gescribes the sputtering parameters related to these transfer
and it is difficult to increase. The main difficulties are the fynctions TR, TF,, and TR). Note that the substrate tem-
formation of cracks and an important roughness when thgerature during the deposition was fixed to 490 °C and the
film thickness increases. For many applications such as ogubstrates positioned off axis. The growth parame(erss-

tical waveguides, surface acoustic wave filters, etc., it is imsure, radio-frequency power, target-substrate spaaimgact
perative to deposit thick film§>0.5 um). The growth of the growth deposition rate and the roughness. The growth of
thick LN films is the first challenge. In order to characterizean epitaxial thick layer with adequate smoothness presents a
the morphology of the layers and, in particular, the rough-very difficult challenge, particularly for LiNb©materials.
ness, the conventional techniques used are scanning electroiickening of the layers(from 120 to 650 nm using
microscopy (SEM) and atomic force microscopyAFM).  1F1 TFa or TRy was accomplished by using a multistep
These techniques give fairly accurate results but require spcg—.rOWth process: It is based on the successive growth of

. . . . LiNbO; layers and associated with the well known regrowth
cial sample preparation. A single measurement technique ca-

L . . . rocess currently used in semiconductor technologies. This
pable of determining the film thickness, the refractive |ndexp y 9

he intert s th . b d th ‘process is described in recent wérk.
the interface properties,the surface roughness, and the ™ ag gpserved from SEM analysis, the multistep growth

compositior with a quick turn-around time can be extremely technique improves the surface morphology in comparison to
valuable to any growth program. In this work, optical mea-a single growth step of equivalent thickness. The LiNbO

surements performed using-line spectroscopy have pro- fiim has a good density after each step of deposition and no
vided rich information about film microstructures. A correla- significant degradation of the surface morphology is noticed.
tion is given between the surface roughness obtained bgFM investigations have shown that the surface morphology
standard AFM and the optical results. depends mainly on the deposition pressure and the film

0021-8979/2003/93(2)/1165/4/$20.00 1165 © 2003 American Institute of Physics
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TABLE I. Transfer functions studied for the epitaxial growth of LiNpO
films on sapphire.

Pressure Gas mixture rf power Distance Growth rate

(mtorn (Ar/O,) (Wcm?) (mm) (nm/h)
TR, 10 60/40 1.3 80 30
TR, 20 60/40 2.36 80 70
TF; 30 60/40 3 60 120

thickness. Figure (B shows the AFM image of a 120 nm
LN film on sapphire for one step of deposition using the TF

process. Small grain sizes are around 50 nm and the surfac

roughness as expressed y; is 2.1 nm. Figure (b) shows
the AFM image of the surface microstructure of a 650 nm
thick film LiNbOj film obtained from a multistep growth
process. The grain size is around 110 nm ggglis 6.9 nm.
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FIG. 2. Evolution of surface roughnesgs with the LiNbO; film thickness.

The above observations suggest that film roughening can be

controlled by increasing the layer density if the grain size
can be kept small without sacrificing the crystalline quality.
Figure 2 describes the evolution of the surface roughngss

TF;, TF, and Tk conditions. As is well known, the surface
roughness increases with the film thickness. We observe that

versus the film thickness. Samp|es are prepared undéms increases "nearly when the thickness is rE|atiVE|y small

0.200 pw/div
200.000 nw/div

2z
FIG. 1. AFM image of the surface microstructure for a 120 nm LiNkt@n
film from a single step growth procega) and for a 650 nm thick LiNb@®
film from a multistep growth proced®).

and is stabilized by application of the multistep process. This
trend is observed for TFand TR while TF;, shows a mod-
erate roughness even for thicker films, probably due to the
low growth rate of 30 nm/h. We demonstrate that with a
multistep process the surface morphology can be controlled
whatever the film thickness. To explain this effect, the
LiNbOg layers could be fully relaxed after each step of depo-
sition. The first LN layer could also be considered as a seed
layer which acts as a stress absorber. Controlling the initial
growth stage therefore is very important since the grain size
can be controlled by changing the sputtering parameters.
Fork et al® and Leeet al® have studied these mechanisms
that cause the roughness to increase with the film thickness.

lll. OPTICAL MEASUREMENTS

In order to quantify the optical properties of LiNgGhe
prism coupling technique, also referred to asrhine spec-
troscopy technique, has been widely used. This technique,
which is based on optical guided waves, provides informa-
tion on the thickness and refractive index of various layers in
multilayered structures. To illustrate its usefulness, we have
studied the case of LINbOfilms grown by the multistep
process. We have analyzed the optical information to qualify
the film surface morphology and to compare it with AFM
data. This technique, which is described in Ref. 11, is ideal
for investigating the main optical characteristics of LiNpO
layers without destruction of samples. In particular, the film
thickness and the optical constants can be determined accu-
rately at any point of the sample surface from optical infor-
mation. In the experiment setup presented in Fig. 3, a right
angle rutile prism(angleA,=45° and indexng=2.865) is
used to couple the laser bedmavelength 632.8 nirto the
guided modes of the structure. The layer is pressed against
the base of the prism. By measuring the reflected intensity
versus the angle of incidenag we draw the guided mode
spectrum of the samples. The reflectivity dips in the spec-
trum are correlated with the incident angles that serve to
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FIG. 3. Schematic view of thetlines spectroscopy setup. Film thickness t (um)

FIG. 5. Reconstruction of the refractive index profile for LiNp@sing an

determine the effective mode indices. An example of a re.mProved inverse WKB method.

flectivity spectrum is reported in Fig. 4 where three TE

guided modes are excited in the 650 nm thick LN layer.process does not affect the optical properties of the films
Reflectivity dips indicate the excitation of specific guided resylting from different steps, and the index of refraction is
modes in the LN film and we can see their sharpness. This i§ot modified in the region near the interface. In previous
a good indication of light confinement in the waveguide. Byyork, we verified by TEM analysis that there is no interac-
determining the angular position of the dips in the reflectedion between the film and the substrate during the multistep
intensity  (frgo= +19.080°, O1g1=+7.466, and Orgo= growth process.
—7.373°%), the index of refraction and thickness can be cal-  of particular concern is therefore the surface roughness
culated simultaneously ng=2.289 and n.=2.206 at of the films. In fact, the extracted energy from the reflected
A=632.8 nm. beam leads to sharp or no dips in the reflectivity curve. This
The optical coupling is generally sensitive to a numberis rejated to the film morphology. In general, the dip width
of factors such as surface and interface roughness. Fro@brresponding to the TEmode is very narrow for smooth
knowledge of the effective mode indices, the refractive indeXjms. Different authors have suggested a relationship be-
profile (n) has been determined as a function of the filmyyeen the film microstructure and optical properties. In par-
thickness for either TE or TM modes. The inverse Wentzelyjcylar, Wesselset all? studied the influence of surface
Kramers-Brillouin method has been previously described ingughness on light scattering for ferroelectric oxide films and
the literature by Doghechet al, for nitride material$. For they indicates that the surface roughness requirements may
example, the refractive index profile is reported in Fig. 5. Ithe 24 nm in order to obtain low optical scattering losses of
indicates a steplike index variation, which is synonymous|_2 dB/cm. Graupneet al'® explained that the angular
with a good optical homogeneity along the film thickness.yigth of the dips originates in the whole scattering loss of
The refractive index remains constant within the guiding rethe |N layer. In this work we have measured the angular
gion and decreases rapidly near the film-substrate interfac@xtent of the optical guided modes, particularly the full width
In the present study, we remark that the sputtering multistegt nalf maximum(A6) of TE, guided modes. In particular,
we have analyzed the evolution &f§ as a function of the
0012 film thickness. different cases of transfer function have been
considered (TE TF,, and TR). By increasing the surface
roughness of the layer, the scattering of light by the surface
0.011 | roughness induces considerable change in the width of the
TE, modes. This behavior is similar to that observed in the
AFM analysis(Fig. 2). A correlation can be established be-
0.010 TE, 1E, tween the angular width of the optical modes as expressed by
TE, A# and the surface roughnesgs. As plotted in Fig. 6, we
find that A@ of 0.1° is related to a roughnesg, of 2 nm.
0.000 | d The accuracy foA# was estimated to be 16. So the prism
coupling technique has been used as a sensitive surface
probe. The optical method developed can be favorably com-

0.008 ‘ ‘ : . , : : : : pared to the AFM with good accuracy.
20 -15 -10 -5 0 5 10 15 20 25 30

Reflected intensity (a.u.)

Coupling angle 0 (degree) IV. CONCLUSION

FIG. 4. Guided-mode spectrum obtained by measuring the reflected inten- In Summ.ary’ LINbQ films have been deposned O.n
sity versus the angle of incidend&ansverse electric TE excitatiprand (OQO:D s.apphlre SUbSt'rateS by the rf' magnetron .S.pUtte”ng-
definition of the angular widttA6) of the excited optical guided modes. ~ Thickening was achieved by multistep deposition. The
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0.7 TE, guided modes excited inside the layer. We found a close
06 relationship between § and the surface roughnesgs. Ad
FT, of 0.1° is associated with,,s of 2 nm. This might be the
051 main reason for allowing the prism coupling analysis to act
B 04 | as a practical characterization tool in materials growth pro-
@ o
2 FT, grams.
T 03
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