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LiINbO; films have been deposited ¢801) sapphire substrates by pulsed laser deposition, in an
oxygen environment. Films grown at substrate temperatures of 650 °C are crystalline, strongly
textured, and show a degree of twining that is lower the higher the oxygen pressure is in the range
of 0.5—1 Torr. Values of the nonlinear optical coefficiedts andds; of the films, measured via
second-harmonic generation, are close to those for the bulk Lisb@le crystal. The dependence

of both the degree of twining and the nonlinear optical response on the film thickness suggests that
the films become closer to single domain for larger thickness.2000 American Institute of
Physics[S0021-897@0)01519-X

Lithium niobate(LN) has become widely used in opto- at~30 mm in front of the target surface and parallel to it and
electronics. For nonlinear optical applications, the wavewere kept at a temperature in the range of 400—650 °C. After
guide geometry offers high conversion efficiencies due to theleposition, all the films werm situ cooled down in an oxy-
large intensity-length factor associated with the tight con-gen pressure of 75 Torr.
finement of the optical mode. The structure of the films was analyzed by normal inci-

Several techniques have been used to produce LNenceg-26 and ¢ x-ray diffraction. The#-260 scans of the
waveguides. Among them, pulsed laser depositRirD) has ~ films grown on substrates heated at 400 °C and at pressures
recently shown its capability to produce highly textured LN of 5X 1072 and 4<10™* Torr, and on substrates heated at
films on a wide range of substrates, includingd Si0,,2and ~ 550°C at a pressure of>610 2 Torr, showed no features
sapphire’~’ Nevertheless, optimum growth conditions arethus suggesting they were amorphous. Table | summarizes
not yet completely elucidated. Some authors have modifie¢he films investigated in this work that were grown on sub-
the stoichiometry of the target by using Li-enriched sinteredStrates heated at 650 °C. The¢ scans of A500 and B500-1

targetd®8or changed the substrate-target distahithe re- ~ Samples are, respectively, shown in Fig&) land 1b). The
sults show that oxygen pressures in the rangestans contain two significant peaks that correspond to the LN
10 3-10"2Torr are enough to grow highly textured films (006 reflection and to the sapphire substre®g thus indi-
from Li-enriched target&® whereas higher pressures-4  cating that both films are strongly textured along this axis.
x10 1 Torr) are required when using single crystal The scans of the other studied films show similar features
targets*® The latter produces a lower amount of droplets€XCePt for the case of the thinner filB00 nm) that show

and/or roughness, generally leading to good results whefin @dditional peak that might be related to {20 reflec-
substrate temperatures are in the range of 650-7qapart  ton OOf the LNbO, phase. The fact that films grown at
from the work of one group reporting that the optimum sub-650 C are strongly textured agrees quite well with the re-

strate temperatures are in the 400—500 °C raiyeTo our sults reported in the literature using similar experimental

knowledge there is only one report on second-harmonic genc;ondltlons, thus allowing us t? conclude that temperatures
the range of 650-700°C and oxygen pressures

eration(SHG) from LN films prepared by PLD.The aim of >10 1 Torr are required to grow highly textured LN films

this work is to investigate the optimum conditions for the .
rowth of LN films on sapphire by PLD with high second- by PLD from single-crystal targets. The reasons why one
g group has achieved highly textured LN films at substrates

order nonll'near op'qcal properties. . temperatures close to 500 °C, for which we obtain amor-
A rotating LN single crystal was ablated using a focused 10 The only significant differ-

) ; Y phous films, is still uncleaf:
Arl: excimer laser bearfpulse Fiuratlon (Ef 20 r)snuden.t.at ence between their work and the present one is the use of a
45° and with an energy density of 2 Jcfn The deposition

) X shadow mask to improve surface quality, while reducing the
tookiglace In a vacuum chambénre&duql pressure of 5 deposition rate(0.02 nm/s compared to 0.08 nm/s in our
><10_2Torr) upon an oxygen pressure in the range of 5, since it has been reported that a reduced growth rate
X10"“=1Torr. The(001) sapphire substrates were placed 5t o 03_-0.05 nm/s improves the crystallinity of LN films
deposited by metalorganic chemical vapor deposition at
dElectronic mail: cnafonso@io.cfmac.csic.es 500 °C compared to the 0.08 nm/s that are required for sub-
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TABLE I. Maximum SH signal and effective nonlinear coefficienls o
anddg; o« determined in LN films grown by PLD at 650 °C and 1 Torr of
oxygen pressure except A500 that was grown at 0.5 Torr for different film
thickness(L).

EE

WZm d33,eﬁ d31,eff T T

Sample L(nm) (a.u) (pm/V) (pm/V)

Bulk - 27.0 4.3 o
A500 500 1170 22.0 3.5

B700 700 1400 17.6 2.8 (J), 2())
B500-1 500 700 17.2 2.7

B500-2 500 860 18.9 3

B300-1 300 160 135 2.1

B300-2 300 100 10.7 17

FIG. 2. Experimental configuration for the SH measurements. The input
fundamental(w) and detected output SKRw) beams are polarized in the
strates heated to 700 °C, the reduced rate used in Refs. 7 apiéne of incidence. The axis, perpendicular to the filr(film texture axis,
10 might explain the success reported using low substrateefines the_ plane of incidenc_e With_ tReaxis which is assumed parallel to
temperature. one of the in-plane crystal twin variants.

The insets in Fig. 1 shows the correspondigigscan
patterns that exhibit peaks when the films are rotated by 60Sjnce the films are textured along the direction perpendicular
around their normal axis. This indicates that both films havg, the substrate, we can assume that they are formed by
two structural variantgtwined crystalswhich will be named domains oriented along this direction in the (arallelP) or
ay anda,. The corresponding peak intensity ratio is slightly qo\n (antiparallel —P) orientations. For each structural
higher (2 compared to 1 for the film grown at the highest 5iant, two domain orientations are thus possible that lead
oxygen pressure, thus indicating smaller twinning. The comyq, 5 (otal of four groups. The effective values for the nonlin-
parison of theg scans from the substrate and the film showsg 5, tensor componentgeffective nonlinear coefficients
that the varianta; exhibiting the more intense peaks is das errr day or) CanN be calculatéd
aligned with the substrate and thus the epitaxial growth is ™ ’
favored by increasing the oxygen pressure. This twining ha§si ef=[(a1p+ azp) —(ay_ptaz_p)ldy =13 (1)
often been reported in the literature and related to the 'afgﬁ/hereaj’p anda; _p are, respectively, the volume fractions
lattice mismatch between LN and sappfife. of domains up and down in variantj being 1 or 2 anddss,
The second-order nonlinear optical properties were meagng d,, the nonlinear coefficients for single crystal bulk
sured via SHG using aQ-switched and mode-locked | N 14
Nd:YAG laser, operating at a wavelengihof 1.064 um. The layout for the SHG experiment is shown in Fig. 2.
The fundamental beam is linearly polarized in the plane of
incidence[transverse magnetidM) polarized and the SH

4000 = beam is detected TM polarized. Thexis is parallel to the
8 a) texture axis and thus all the domains are along it. Let us
= assume that theaxis, contained in the plane of incidence, is
along the in-plane axis of one of the two crystal variants. In
2000 any case, it was experimentally found a weak dependence of
) the SH signal as a function of the rotation around zfais.
8— 0 1220¢ 240 S Assuming the fundamental and SH beams propagate parallel
"; 0 R \ inside the film k,, //ks,,) and neglecting multiple reflections,
:'u;; the normalized internal SH power for the TM—TM (2w)
C = b) as a function of the internal angle of propagation)(is
g S given by'®
2000+ i Way, tm-tm( 7i)
_c 1 1 }
M A Ls Ned % N2 i N2) Bke(71 1)
0 e A 1—ned yi,N)?sin? 5|12
10 20 30 40 50 1-sir y,
20 [deg] s o[ Akefyi ML
. X deg( yi)? sin| ————, 2
FIG. 1. ¢-26 scans of LN films grown at a substrate temperature of 650 °C 2 cosy;

and oxygen pressures @&) 0.5 Torr andb) 1 Torr. The peaks labelg®06) 2 3 2 . . .
and S correspond to LiNb@and the sapphire substrate, respectively. The Where C=8 @ l€0Cy ™o, Co IS _the speed f)f light in
insets show the correspondigscans. vacuum,w, is the spot size(1/e? intensity radius of the
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structure for films with a thickness700 nm. A closer analy-
1.6 1.5 sis suggests that the experimental data for the 300 nm films
are below the fit which better match the experimental data
for 500 and 700 nm films. This is consistent with the non-
linear coefficients values shown in Table |, where one can
see thatd;; andds; for 300 nm thick films are significantly
lower than those for 500 and 700 nm. These results suggest
that theap/a _p ratio increases as the thickness increases.
- This is probably related to strains originated during growth
1.0 daezzy ; Fﬂ . . r 0.0 by the mismatch of lattice parameters between film and sub-
200 400 600 800 strate, the thinner the film the more significant the mismatch
Film thickness (nm) effect and the poorer the crystalline quality:® This expla-

_ . _ nation is supported by the evolution of the width of t0€6)
FIG. 3. (@) SH signal and[) full width half maximum(FWHM) of the  yafiaction peak in thef-20 scans as a function of the film
(006) reflection of LN measured in films grown at 1 Torr of pressure as a

function of film thickness. The SH signal and FWHM are, respectively, thickne_ss(see Fig. S_Since it_ beco_mes narrowéerystalline
normalized to the highest SH resporige., 700 nm thickand to the value  quality improves for increasing thickness.

for the sapphire substrate. The dashed line is the best quadratic fit. In conclusion, highly textured LiNb©films have been
successfully grown on sapphire substrates, using the PLD
technique with oxygen pressures-60.5—1 Torr and a sub-
strate temperature of650 °C. The second-order nonlinear
response of the films is consistent with a quasisingle domain

nonlinear coefficient which inciudes the interaction with all Structure and leads to nonlinear coefficients comparable to

the four groups.L is the film thickness, ng(y;,\) those for single-crystal structures. Both the crystalline qual-

= [N () T (Ng(N)sin w2 () cosy) 242 ie the re. ity and the quasisingle domain character of the films increase

fractive index as a function of ()\)eandn (')\) that, respec- @S the film thickness increases and a similar improvement is
e o] [l

tively, are the extraordinary and ordinary refractive indexes®PServed for the nonlinear coefficients; andds,, that ap-
and Akg(y; \)=4m a7 M2)— Ny AN is the Proach those of the bulk for thickness500 nm.
wave-vector mismatch between fundamental and SH waves.  This work was partially funded by CICYTSpain under

Using a quartz sample as reference, the SH response prpggject No. TIC96-0467 and TIC99-0866. One authbrA.

videsdest and since @ss efi/dza) = (day er/dsy), the values of ) 5eknowledges a grant from the Ministerio de Educacio

Az aNdday o are easily determined. The obtained coeffi-y ¢jtura (Spain. The authors thank Dr. A. Cebollada from

cient values together with those W, tv_tu(7i) are in- |nqtituto de Microelectronica de MadritCSIC) for assis-

cluded in Table I, the former being close #3; and ds;  (ance with the XRD analysis and helpful discussions. One

measured in single domain crystdfs. _ _ author(V. P) is the Pirelli Research Fellow of Southampton
From the ¢-scans of the B500-1 film, the ratie, /> University.
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fundamental beamg, is the dielectric constant of vacuum
deii(71) =3 a1 efrSiNy; COS i+ a3 eSIT ¥ is an  effective
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