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This paper reports the ®rst results obtained on calcium gadolinium oxoborate GdCa4O(BO3)3 (GdCOB) thin

®lms grown on silicon coated with amorphous silica at high temperature by pulsed-laser deposition (PLD). It

was found that the chemical composition (i.e. Ca/Gd ratio) depends critically on the oxygen pressure used

during pulsed-laser deposition (PLD) experiments. The crystallization of thin ®lms about 500 nm thick required

a high temperature substrate (750 ³C) during the PLD process followed by a post annealing treatment at 800 ³C
in an oxygen atmosphere. Under these conditions, the layers are polycrystalline and no texturation features

have been found. The surfaces of the ®lms are smooth (average roughness: 5-6 nm) with only a few particles or

droplets. The refractive index of the ®lms is estimated to be 1.746 at 633 nm, in agreement with the bulk

GdCOB value.

Introduction

Several new nonlinear optical materials which have appeared
recently have attracted widespread interest due to their large
transparency ranges and higher nonlinear coef®cients. For
example, b-BaB2O4 (BBO), KTiOPO4 (KTP) and KH2PO4 are
commonly used in various nonlinear optical devices, such as
parametric oscillators.1 In 1992, a new series of oxoborates
RCa4O(BO3)3 (RCOB with R~rare earth atom) was dis-
covered.2 In particular, crystalline GdCa4O(BO3)3 (GdCOB) is
transparent in the visible and near infra-red spectral range
(300±2600 nm) and its optical properties for frequency
doubling are very promising in comparison to other nonlinear
optical crystals. The damage threshold is as high3 as
109 W cm22 at 532 nm and the ef®ciency of the second
harmonic generation from the 1064 nm Nd:YAG laser
wavelength is higher than 50%.4

GdCOB is a congruent melting compound and the crystal is
a chemically stable and nonhygroscopic material, with good
optical quality. Though single crystals can be grown by the
Czochralski method,5 the synthesis of high quality thin ®lms
for integrated optical devices has never been realized. Using
such a chemically complex material as a waveguiding thin ®lm
requires a deposition technique allowing precise control of the
stoichiometry. Nowadays, pulsed-laser deposition (PLD) is a
well-known method for growing stoichiometric and well-
crystallized thin ®lms at moderate substrate temperatures
under a controlled reactive atmosphere. For example, high
quality thin ®lms for optical infra-red devices, such as yttrium
oxide waveguides doped with rare earths, have been success-
fully grown by PLD.6 Thin ®lms for active waveguides or lasing
layers have also been obtained on various substrates: E : KTP
on KTP,7 BBO on silicon or sapphire,8 Nd : YAG on silicon or
crystalline YAG,9 LiNbO3 on sapphire10 and, recently,
KGd(WO4)2 on sapphire.11 In the present work, we report
the growth and the properties of GdCOB thin ®lms obtained by
PLD under an oxygen atmosphere.

Experimental

The PLD thin ®lms were prepared by using an ArF excimer
laser (wavelength: 193 nm, repetition rate: 5 Hz, pulse dura-
tion: 23 ns). The laser beam was focused onto a rotated
GdCa4O(BO3)3 ceramic target (focusing diameter: 1 mm)
centered in the PLD set-up12 that leads to a ¯uence around
1.5 J cm22. The thin ®lms were deposited onto SiO2/Si [i.e.
silicon(100) substrate coated with thermal silicon oxide 0.5 mm
thick] for further optical waveguiding investigations and the
time of the experiments was ®xed to 2 h (i.e. 36 000 laser
pulses). The target±substrate distance was kept at 3 cm.
Substrate temperature and oxygen pressure were varied in
the ranges 25 to 750 ³C and 1026 to 0.5 mbar, respectively. The
thin ®lms were characterized by X-ray diffraction (XRD) using
Cu-Ka radiation in the Bragg±Brentano mode, Rutherford
backscattering spectroscopy (RBS) using a 4Hez ion beam,
and atomic force microscopy (AFM). The optical measure-
ments were investigated by the prism coupling method.13

Results and discussion

In order to study the topological features of the GdCOB layers,
a PLD ®lm was deposited at 650 ³C under 0.3 mbar O2 on the
half surface of a SiO2/Si substrate. Fig. 1a and 1b show AFM
images of the uncoated substrate and the 120 nm thick GdCOB
thin ®lm, respectively. The thin ®lm surface is strongly
homogeneous with only a few particles or droplets. The
average roughness of the ®lm is around 6±7 nm, while the
substrate is perfectly smooth (roughness: 0.5 nm). These initial
results indicate that the growth of GdCOB thin ®lms does not
involve strong morphological damage and is not sensitive to
the formation of droplets. It should also be noted that the PLD
experiments were performed with a laser wavelength (193 nm)
corresponding to a strong absorption of the GdCOB ceramic
target. Indeed, previous experiments carried out with a
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quadrupled frequency Nd : YAG laser (266 nm) did not lead to
good quality thin ®lms.

According to RUMP simulations,14 the RBS spectra should
allow the determination of the thickness and composition of
the thin ®lm. Nevertheless, the determination of the boron
content in layers from RBS measurements is not accurate.
Therefore, the optimization of PLD experimental conditions
(i.e. oxygen pressure and substrate temperature) is determined
mainly by the Ca/Gd ratio. A typical RBS spectrum of a
GdCOB thin ®lm grown at 650 ³C under 0.3 mbar O2 is
displayed in Fig. 2. The thickness of this ®lm is 520 nm, with a
Ca/Gd ratio of 3.8. The abrupt fall of both the Ca and Gd
pro®les towards the lower energies reveals a smooth and
regular ®lm without any macroscopic particles. Moreover, no
chemical diffusion feature between the ®lm and the substrate is
observed. Fig. 3 shows the Ca/Gd ratios (determined by RBS
measurements) depending on the oxygen pressure in the range
1026±0.5 mbar at constant temperature (650 ³C). The strong

in¯uence of the oxygen pressure on the thin ®lm composition
can be seen. The minimum value of Ca/Gd is reached for the
PO2

~0.05±0.1 mbar range. Nearly stoichiometric thin ®lms
(corresponding to Ca/Gd~4) are obtained at 0.3 mbar oxygen
pressure. This behavior, the chemical composition depending
on the oxygen pressure, typical of complex oxides, has been
observed previously.15 This phenomenon is due to both the
different sticking coef®cient connected with the volatility of the
species which are incorporated in the ®lm during growth and
the different spatial distribution of the species in the plume
during laser ablation.

The crystalline structure of GdCOB thin ®lms grown at
various temperatures (room temperature to 750 ³C) was
investigated by XRD measurements in the diffraction angle
range 2h 10±65³. It appears that, even at the highest
temperature allowed in our PLD system (750 ³C), the ®lms
are not crystalline. In order to induce crystallization, a post-
annealing treatment at 800 ³C under an oxygen atmosphere
was employed on ®lms grown at 650 ³C. The h/2h pattern of
this post-annealed GdCOB ®lm (Fig. 4) displays a polycrystal-
line structure without texturing features. All peaks of the XRD
pattern can be indexed according to the crystallographic data
of GdCOB bulk material (monoclinic biaxial and centric Cm

space group with Z~2, a~8.095, b~16.018, c~3.558 AÊ and
b~101.26³).4 The general conclusion from RBS and XRD
analyses is that a faithful stoichiometric transfer occurs for an
oxygen pressure of 0.3 mbar and a good crystalline structure
requires temperatures as high as 800 ³C.

Finally, the value of the refractive index has been obtained
by using m-lines spectroscopy at 633 nm. As a result of the
thinness of our ®lms (140 nm for the ®lm grown at 700 ³C under
0.3 mbar O2), only one TE mode is observed. Therefore, by
using the thickness value deduced from RBS measurements, the
refractive index is estimated to 1.746. This value obtained for
our thin ®lms is in agreement with that for bulk GdCOB.3

Fig. 1 AFM micrographs of SiO2/Si substrate (a) and GdCOB thin ®lm
deposited on SiO2/Si at 650 ³C under 0.3 mbar O2 (b).

Fig. 2 RBS spectrum of a GdCOB thin ®lm deposited on SiO2/Si at
650 ³C under 0.3 mbar O2.

Fig. 3 Ca/Gd ratio versus oxygen pressure for a thin ®lm deposited on
SiO2/Si at 650 ³C.

Fig. 4 XRD pattern (Cu-Ka) of a GdCOB thin ®lm deposited on SiO2/
Si at 650 ³C and post annealed at 800 ³C under an oxygen atmosphere.
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Conclusion

Smooth, stoichiometric, polycrystalline, monophasic GdCOB
thin ®lms may be grown under 0.3 mbar oxygen pressure on
Si(100) coated with SiO2 via the PLD process at a moderate
substrate temperature (650 ³C), followed by post annealing at
800 ³C under an oxygen atmosphere. Future experiments
should involve improvements aimed at synthesizing GdCOB
thin ®lms of high crystalline quality and with oriented and
heteroepitaxial growth features with the substrate allowing
optical waveguiding and nonlinear effects.

Acknowledgements

The authors wish to thank G. Aka (ENSCP, Paris) for
synthesis of GdCOB ceramic targets, W. Seiler (ENSAM,
Paris) for XRD measurements and R. M. Defourneau (GPS,
Paris) for help with substrate preparation.

References

1 T. Taira, J. Saikawa, T. Kobayashi and R. L. Byer, IEEE J. Sel.
Top. Quantum Electron., 1997, 3, 100.

2 R. Norrestom, M. Nygren and J. O. Bovin, Chem. Mater., 1992, 4,
737.

3 G. Aka, A. Kahn-Harari, F. Mougel, D. Vivien, F. Salin,
P. Coquelin, P. Colin, D. Pelenc and J. P. Damalet, J. Opt. Soc.
Am. B, 1997, 14, 3.

4 D. Vivien, F. Mougel, G. Aka, A. Kahn-Harari and D. Pelenc,
Laser Phys., 1998, 8, 759.

5 G. Aka, L. Bloch, J. Godard, A. Kahn-Harari, D. Vivien, F. Solin
and the Crismates Company, Fr. Pat. F. R. 95/01963, Eur. Pat.
extension 96904152. 4-2205, February 16, 1996.

6 A. Huignard, A. Aron, P. Aschehoug, B. Viana, J. Thery,
A. Laurent and J. PerrieÁre, J. Mater. Chem., 2000, 10, 549.

7 K. M. Wang, B. R. Shi, N. Cue, Y. Y. Zhu, R. F. Xiao, F. Lei,
W. Li and Y. G. Liu, Appl. Phys. Lett., 1998, 73, 1020.

8 R. F. Xiao, L. C. Ng, P. Yu and G. K. L. Wong, Appl. Phys. Lett.,
1995, 67, 3.

9 M. Ezaki, H. Kumagai, K. Kobayashi, K. Toyoda and M. Obara,
Jpn. J. Appl. Phys., Part 1, 1995, 34, 6838.

10 P. Aubert, G. Garry, R. Bisaro, J. Olivier, J. Garcia-Lopez and
C. Urlacher, Microelectron. Eng., 1995, 29, 107.

11 P. A. Atanasov, R. I. Tomov, J. Perriere, R. W. Eason, N. Vainos,
A. Klini, A. Zherikhin and E. Millon, Appl. Phys. Lett., 2000, 76,
18.

12 N. Lobstein, E. Millon, A. Hachimi, J. F. Muller, M. Alnot and
J. J. Ehrhardt, Appl. Surf. Sci., 1995, 89, 307.

13 P. K. Tien and R. Ullrich, J. Opt. Soc. Am., 1970, 60, 1325.
14 L. R. Doolittle, Nucl. Instrum. Methods Phys. Res., Sect. B, 1985,

9, 344.
15 M. Tyunina, J. Levoska and S. LeppaÈvuori, J. Appl. Phys., 1999,

86, 2901.

J. Mater. Chem., 2001, 11, 657±659 659


