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We report the near-stoichiometric Ti:LiNbOg strip waveguides fabricated by vapour transport equilibration (VTE)
at 1060 °C for 12 h and co-diffusion of 4-8 pm wide, 115-nm thick Ti-strips. Optical studies show that these waveguides
are monomode at 1.5 pm and have losses of 1.3 and 1.1 dB/cm for the TM and TE modes, respectively. In the waveguide

width/depth direction, the mode field follows a Gauss/Hermite-Gauss profile. A secondary ion mass spectrometry study

reveals that the Ti profile follows a sum of two error functions along the width direction and a complementary error

function in the depth direction. Micro-Raman analysis shows that the Li-composition in the depth direction also follows

a complementary error function. The mean Li/Nb ratio in the waveguide layer is about 0.98. The inhomogeneous

Li-composition profile results in a varied substrate index in the guiding layer, and the refractive index profile in the

guiding layer is given.
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1. Introduction

Although a near-stoichiometric LiNbOg3 displays
higher photorefractive sensitivity than a congruent
material within continuous-wave intensity,!!! a near-
stoichiometric Ti:LiNbOgz waveguide may find ap-
plications in the wavelength range from 1.5 pum to
mid-IR, where the photorefractive effect is relatively
weak. Recently, we have reported single-mode near-
stoichiometric Ti:LiNbOg strip waveguides fabricated
by co-work of vapor transport equilibration (VTE)
treatment at 1100 °C and thermal diffusion of Ti-
metal strips.2 To ensure the Li-composition over
the whole substrate being homogeneous and near-
stoichiometric, a very long VTE duration of 101 h was
adopted for the fabrication of those waveguides. For a
practical Ti:(Er:)LiNbO3 device, both the waveguide
and the Er-doped layers are defined on the crystal
surface with a 1/e concentration depth of only sev-
eral microns. There is no need to adopt very long
VTE duration to render the whole substrate being
fully VTE-treated. Shorter VI'E duration may ren-
der the guiding layer near-stoichiometric. Here, we
report single-mode (at 1.5 pm) near-stoichiometric

Ti:LiNbOjg strip waveguides that were fabricated un-
der a much weak VTE strength (1060 °C/12 h). The
waveguides fabricated under such a weak VTE con-
dition have an inhomogeneous Li-composition profile
along the depth direction. Since the refractive index of
the LiNbOs crystal is Li-composition-dependent, 4
the waveguide fabricated is of varied substrate index
in the guiding layer.

Note that the nomenclature “Li-composition” has
a different meaning from the “Li-concentration”. The
former means the stoichiometry of Li in a LiNbOgj
While the latter, in unit of ions/cm?,

means Li ion number per unit volume. In a congruent

molecule.

LiNbOg3 crystal, for example, the Li stoichiometry is
0.945, and all of the Li ions in a LiNbOg crystal oc-
cupy the regular Li lattice sites. The Li-concentration
can be easily converted from the Li stoichiometry by
simply multiplying by a factor of 1.85 x 10?2 ions/cm3.
On the other hand, if not all of the Li ions occupy the
regular Li lattice sites (for example, in some specific
case, part of Li ions may occupy the Nb sites), the Li-
composition and the Li-concentration no longer follow

such a simple conversion relationship.
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2. Experimental

In total five groups of Ti strips were fabricated.
The initial Ti-strip thickness was 115 nm and the ini-
tial Ti-strip width W was 4, 5, 6, 7 and 8 pm. All
of the Ti-strips were photolithographically patterned
on one surface of a 1-mm thick Z-cut [i.e. (001) face]
congruent substrate. Each group included five same
Ti-strips. After the Ti-strip was patterned, the Li-rich
VTE treatment[?l was carried out for the substrate at
1060 °C for 12 h.

To facilitate the end-fire coupling experiment and
the subsequent micro-Raman analysis, the two end-
faces of the sample were optically polished after the
VTE treatment.
is ~ 1.5 cm. The end-fire experiment was carried

The final length of the waveguide

out by launching into the waveguides the polarised
1.5-pm light emitted from a fiber-pigtailed super-
fluorescence light emitting diode with a band width
of 1510-1590 nm via endface butt-coupling between a
polarisation-maintaining fiber and the channel waveg-
uide. A polarisation controller (Optics for Research
Inc.) was used to control the state of polarisation of
the light launched into the waveguide. The magni-
fied near-field image of the guided TE or TM mode
was projected onto an infrared Hamamatsu digitizing
video camera (Vidicon 1000) through a Nikon micro-
scope objective lens with a magnification of 50x, a
working distance of 1 mm and a numerical aperture
of 0.8. The insertion losses of the waveguides were
measured using a 1.55-pum semiconductor distributed
feedback laser diode with an output power of 2.5 dBm.

Secondary ion mass spectrometry (SIMS) was
used to analyse the concentration profiles of the in-
diffused Ti ions in the depth direction and on the
surface of the 6-pm wide strip waveguide. The sur-
face Ti concentration profile was analysed by a PHI-
7200 (Physical Electronics) time-of flight secondary
ion mass spectrometer. A 25-keV Ga™ beam with a
diameter of 0.5 um was used to raster a 250 x 250 pm?
area and the secondary Ti ions were mapped. The
total ion dose is ~ 4 x 10'? ions/cm?. The lateral
resolution is about 0.5 pm. The depth profile of Ti-
concentration was analysed by a time-of-flight sec-
ondary ion mass spectrometer (TOF SIMS V, ION-
TOF GmbH). An OF-beam was used to sputter a
crater of 100 x 100 ym? and the positive secondary
ions of 2Nb™T, 60+, "LiT and *3Tit were recorded
as functions of time. Ions from a central area of 3 pm
in diameter inside the crater were detected, so that
the SIMS signals detected are mainly from the waveg-

uide. During the analysis, a normal incidence electron
gun, equipped in the TOF SIMS V system, was used
to compensate the surface charge accumulation. The
total sputtering time is 3.0 x 10* second. The depth
of the erosion crater was measured by a profilome-
ter Tencor Alpha Step 200. The depth resolution is
mainly determined by the roughness of the crater un-
der analysis, being ~ 50 nm.

The 153-cm™! phonon linewidth method®! was
used to determine the depth profile of the Li-
composition in the 6-pym wide waveguide layer. Micro-
Raman analysis was performed on one waveguide end-
face by using a Jobin—Yvon T64000 confocal micro-
scope Raman spectrometer. The T64000 system not
only has a higher spectral resolution (~ 0.1 cm™1),
but also possesses other two intrinsic advantages. The
diameter of the analyzable area can be as small as
~ 1 pm. Such a probe area is so small that can be
used to analyse the strip waveguides with the width
of several microns. It is more important that the exci-
tation position and the scattering light collection po-
sition are confocal. The sample was arranged on a
translation slide (with an accuracy of 3 ym), and the
sample could be moved laterally. The 488-nm line
(150 mW) emitted from an INNOVA 705 argon laser
was used as the excitation source. The polarised ex-
citation light was focused onto the sample through
a 100x objective of microscope, under which the di-
ameter of the excitation beam was ~ 1 pym. How-
ever, due to Rayleigh scattering effect, the depth of
focus of such a focused 488-nm laser spot in LiNbOg3
crystal will extend to ~ 7 pum, which is considerably
larger than the Ti-penetration depth (~ 2.6 ym) and
Li diffusion depth (~ 3.64 pm). Since the confocally
collected Raman signal is an average over the depth
of focus, the scattering configuration should be cho-
sen carefully to minimize the influence of the depth
of focus to a largest extent. Here, the backward scat-
tering geometry Y (ZX)Y was adopted. The excita-
tion light was oriented along the strip waveguide (i.e.
along the Y crystallographic axis of the crystal). In
such a scattering configuration, the measurement was
not influenced by the Rayleigh effect and the crystal
surface could be clearly identified. The Raman analy-
sis on the waveguide endface was carried out point by
point along the depth direction. The recorded spec-
tra are pure E(TO) phonons. All Raman measure-
ments were carried out at room temperature in the
wavenumber range of 100-1000 cm~'. The time used
for the record of each spectrum lasted 60 s. For com-
parison, the micro-Raman analysis was also performed
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on the Ti-free area. In addition, to quantitatively
evaluate the Ti-concentration-dependent broadening
of the 153-cm~! phonon arising from the Ti-dopant,
the same micro-Raman analysis was also carried out
on fine polished endface of a standard congruent Z-cut
Ti:LiNbOj3 strip waveguide, fabricated by in-diffusion
of 6-pum wide, 95-nm thick Ti strip at 1030 °C for 9 h
in an argon atmosphere.

3. Results and discussion

After the VTE treatment, the strip waveguides
were checked by an optical microscope, and the sur-
faces are found to be smooth and flat as shown in
Fig. 1, where, as an example, an image of a 6-pum
It was found that
waveguiding was observed for all waveguides under
both TM and TE polarisations, and all waveguides
are single-mode. The insets in Fig. 1 show the TM

wide strip waveguide is shown.

and TE mode patterns of the 6-ym wide waveguide.
Note that the size of the TE mode is significantly
larger than that of the TM mode.
the light intensity profiles (full squares) along the
width (x) and depth (y) directions for the TM and

|
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TE modes respectively in the 6-um wide waveguide.
Along the x direction, the profiles of both TM and
TE modes can be well fitted by a Gauss trial func-
tion exp(—2x2/W2) (see solid curves in Figs. 2(a) and
2(c)). In the y direction, the profiles follow a Hermite—
Gauss function Agy? exp(—2y*/W,}) [see solid curves
in Figs. 2(b) and 2(d)]. The mode size W, (W,) is
about 3.5 (4.4) £ 0.2 ym for the TM mode and 5.6
(5.3) £ 0.2 pm for the TE mode.

TM mode TE mode
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Fig. 1.
waveguide with initial Ti-strip width of 6 pm. Images at-
tached show TM- and TE-polarised single-mode near-field

Image of near-stoichiometric Ti:LiNbOg strip

patterns of the waveguide at 1.5 pm.
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Fig. 2. TM- and TE-polarised light intensity profiles (full squares) along the width and depth directions of the 6-pum wide
near-stoichiometric strip waveguide. The solid curves represent the fitting results and the dotted curves the BPM simulation

results.

024214-3



Chin. Phys. B Vol. 19, No. 2 (2010) 024214

The average fibre-to-fibre insertion loss of five
waveguides (each being 1.5-cm long and 6-pm wide)
was evaluated to be 6.2 dB for the TM mode and
4.4 dB for the TE mode. From the measured mode
sizes, the coupling loss between the 6-ym wide waveg-
uide and a single-mode fibre (with a mode field di-
ameter of 10 pm) is about 2.0 dB for the TM mode
and 1.2 dB for the TE mode. With etalon effect
ignored, the total Fresnel reflection loss of the two
waveguide endfaces against the two fibre endfaces is
about 0.27 and 0.33 dB for the TM and TE polar-
isations, respectively. The propagation loss is then
evaluated to be smaller than 1.3 dB/cm for the TM
mode and 1.1 dB/cm for the TE mode, and shows
slight polarisation dependence. The waveguide loss of
the usual congruent Ti:LiNbOg strip waveguide shows
similar polarisation dependence.[® This optical char-
acteristic may be qualitatively explained as follows:
for a fundamental mode that is guided in a straight
Ti:LiNbOg3 waveguide, its propagation loss is mainly
contributed from the background absorption of the
substrate material itself and the scattering loss. The
background absorptions include the interband (from
valence band to conduction band) electron resonance
absorption and the lattice vibration absorption. For
the LiNbOg crystal, the electron resonance occurs in
the ultra-violet region (A < 0.4 um), while the lattice
vibration absorption takes place in the far infrared re-
gion (A > 11 pm). The tails of these absorptions ex-
tend to the visible and near infrared regions, where an
optical waveguide device usually works. In addition,
for the LiNbOjs crystal, the background absorption
includes also the contribution from the OH™ group
(~ 2.865 pum or 3490 cm~1). All of these absorp-
tion processes should be of the polarisation depen-
dence due to the anisotropy of the LiNbOj crystal.
For a TM (TE)-polarised light wave that is guided in
a Z-cut LiNbOg3 crystal, the electric field involved is
parallel (perpendicular) to the optical axis of the crys-
tal and the refractive index involved is ne (n,). Due
to the anisotropy of the crystal, the background ab-
sorption should be different for the TM and TE waves.
The scattering loss usually includes two contributions:
Rayleigh scattering and Mie scattering. The former is
a fundamental loss mechanism arising from local mi-
croscopic fluctuations in medium density. The density
fluctuations lead to random fluctuations of the refrac-
tive index on a scale smaller than the optical wave-
length. The Rayleigh scattering loss varies as 1/A\%.
The Mie scattering is conducted with the imperfec-
tion of the waveguide. It occurs mainly due to the

index inhomogeneity on a scale longer than the opti-
cal wavelength. Because the scattering is the radiation
of electromagnetic wave in nature, both the Rayleigh
scattering and the Mie scattering can be considered
as the conversion of the guided mode to the radiation
mode. Since the definition of the scattering cross sec-
tion is associated with the density of the energy flow of
the scattered wave, and the field of the scattered wave
is solved from a complicated integration equation that
is associated with the dielectric permittivity of the
scatter, which is of the anisotropy for the LiNbOg, so
the scattering loss is also polarisation-dependent.
Figure 3(a) shows the SIMS profile (full squares)
of Ti-concentration on the surface of the 6-ym wide
waveguide. One can see from Fig. 3(a) that the exper-
imental data can be well fitted by the sum of two error
functions. The diffusion width d, is about 3.8 pm.

lerf((3—x)/3.8)+erf((3+x)/3.8)]/(2xerf(3/3.8))
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Fig. 3. (a) Measured SIMS profile (full squares) of Ti-
concentration along the width direction of the 6-um wide
near-stoichiometric Ti:LiNbO3 strip waveguide. (b) Mea-
sured depth profile (open squares) of Ti-concentration of
the same strip waveguide. The solid curves in (a) and (b)
represent the fitting results.

Figure 3(b) shows the depth profile of the Ti SIMS sig-
nals from the same waveguide. One can see that the
depth profile can be well fitted by a complementary
error function

Cri(y) = Coerfe(y/dy). (1)

The parameter d, is about 4.0 pm, which corre-
sponds to a 1/e diffusion depth of 2.6 um. The two-
dimensional Ti-concentration profile in the waveguide
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is given by

1 W + 2x
Cri(z,y) = 002 p W [erf( 5. )
N 24,

—i—erf(w/;jx)]erfc(y/dy). (2)

By applying the law of mass conservation to Eq. (2),
the surface Ti-concentration Cy is determined to be
3.0 x 10%! ions/cm?, equivalent to ~ 16 mol%.

Since the Lis O content change from the congruent
point (48.4 mol%) to the ideal stoichiometric compo-
sition (50 mol%) is only 1.6 mol%, the SIMS analysis
cannot give a reliable result on the Li-concentration
profile. Speaking strictly, the substrate refractive in-
dex in the guiding layer depends on the Li-composition
instead of the Li-concentration. So, it is more impor-
Here, the
153-cm~! phonon linewidth method[® was employed

tant to know the Li-composition profile.

to determine the depth profile of the Li-composition in
the 6-pym wide waveguide layer. Micro-Raman analy-
sis was performed on endfaces of the VITE waveguide
studied here and a standard congruent waveguide.
The fabrication parameters of the standard congruent
waveguide were intentionally chosen to be the same as
those reported in Ref. [6], so that the Ti-concentration
profile reported in that paper can be directly utilized.
The Raman study of the congruent waveguide al-
lows to fix Ti-induced broadening of the 153-cm™!
phonon, I'y, as a function of the Ti-concentration
(I'y = 0.351CT;). Then, the Li-composition-related
153-cm ™! phonon [E(TO)] FWHM (I) profile along
the depth direction of the VTE waveguide can be
obtained by subtracting the [y from the measured
total phonon FWHM data of the VI'E waveguide.
The results are shown in Fig. 4(a), from which the
Li-composition profile along the depth direction of
the VTE waveguide can be evaluated using the em-
pirical relation reported by Malovichko et al.l%! It was
found that the expression reported by Malovichko
et al. mneeds to be modified slightly on the basis
of their experimental data. The modified expres-
sion is CLi,0[mol%] = 52.52757 — 0.41131 [em™}].
Figure 4(b) shows the obtained depth profile of
the ([Lipi|+[Tiri])/([Nbxp]+[Tins]) ratio (open cir-
cle). The ([Lini]+[Tiwi])/([Nbxp]+[Tinn]) ratio re-
sults from the assumption that the Ti ions incor-
The solid

line represents a fit to the experimental data by us-

porated occupy both Nb and Li sites.

ing a complementary trial function erfc(y/d) with
d = 5.7 ym. Note that the Li-composition at the

waveguide surface can be considered as stoichiometric
within the experimental error of +0.002. The aver-
aged ([Liri]+[Tini])/([Nbxb]+[Tinb]) ratio over the
waveguide layer (0-2.6 pm) is about 0.98, close to
stoichiometric composition. The 1/e depth is about
3.64 pum, considerably larger than the 1/e Ti diffusion
depth, ~ 2.6 pm. The inhomogeneous Li-composition
results in varied substrate index in the waveguide
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Fig. 4. (a) Depth profile of Li-composition-related 153-cm !
phonon broadening I" in VTE Ti:LiNbO3 strip waveguide. (b)
Depth proﬁle of ([LILJ‘F[TILJ)/([NbNb}"‘[Tle]) ratio (open
circle) obtained from 4(a).

layer. From Fig. 4(b), the substrate indices in the
waveguide layer, nep(y) and nep(y), can be readily
calculated from the LisO-content-dependent Sellmeier
equations,® and are shown in Fig. 5. Both the ex-
traordinary and ordinary substrate index profiles can
be well fitted still by a complementary error function

neb(y) = ng™™ + (g = nghN) - erfe(y/de),  (3)

non(y) = ng ™ + (g = ngt) -erfe(y/do),  (4)

cLN

e,0

where nS 2™ and nZ{JON are the indices at the congruent
(48.4 mol%) and stoichiometric (50 mol%) composi-
tion, respectively; and d., is the profile parameter

having the same value of 5.6 ym in both cases.
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Fig. 5. Depth profiles of substrate refractive index ne and
no at 1545-nm wavelength.

Nakamura et all”l have reported that both
the ordinary and extraordinary refractive index
changes induced by Ti dopant in bulk Ti-doped
near-stoichiometric LiNbOj crystal increase linearly
with Ti-concentration. In parallel, Hellwig et al.l®!

have reported similar result on near-stoichiometric

l

3

c
€,0 €,0

From the Ti surface concentration given above and the
linear relationships of the An, and An, with the Ti-
concentration,”) An, (1545 nm) and An, (1545 nm)
of our near-stoichiometric waveguide are evaluated
to be 0.01 and 0.034, respectively. On the other
hand, one can see from Fig. 5 that the index change
due to the Li-composition alteration is about —0.0128
and 0.0014 for the extraordinary and the ordinary
rays, respectively. The net index increments are
thus 0.0212 and 0.0114, respectively, showing that
our near-stoichiometric strip waveguide confines a TM
mode more effectively than a TE mode. This is quali-
tatively consistent with the experimental result shown
in Fig. 1.

Based on Eq. (6), we have calculated the funda-
mental mode field profiles using the 3D beam propaga-
tion method (BeamPROP from RSoft Design Group,
Inc.). The calculated results are shown in Fig. 2 (see
dotted curves). One can see that the numerical re-
sults are essentially in agreement with the experimen-
tal data. This means that the refractive index model

proposed is close to the real scenario.

LNY2 4 9N (sl — ) . erfe(y/de.o) + 2nSY Ane o, ),

MgO:Ti:LiNbO3 planar waveguides. Assume this
linearity is also valid for our near-stoichiometric
Based upon Eq. (2), the profile

of Ti-induced refractive index change in the near-

waveguide here.

stoichiometric strip waveguide can be expressed as

Ane,o(xa y) = An(O, 0)970;1/1/ {erf(W)
2erf(2dx) ¢

+erf (VV;%)] erfe(y/d,), (5)

where Ane(0,0), abbreviated as Ane, for conve-
nience, is the Ti-induced extraordinary or ordinary
refractive index increment at * = y = 0. By combin-
ing Egs. (3)—(5) and ignoring small terms, the extraor-
dinary and ordinary refractive index profiles, ne(z,y)
and no(z,y), in the near-stoichiometric strip waveg-
uide layer can be approximated as

y <0,
y=>0.

\
4. Conclusion

We have demonstrated that near-stoichiometric
Ti:LiNbOj3 strip waveguides can be fabricated by car-
rying out VTE treatment at 1060 °C for 12 h on con-
gruent LiNbOs substrate with photolithographically
defined 4-8 pm wide, 115-nm thick Ti-strips. Op-
tical studies show that all of these waveguides are
single-mode at 1.5 um and the waveguide loss is lower
than 1.3 dB/cm for TM mode and 1.1 dB/cm for TE
mode. In the width/depth direction of the waveg-
uide, the mode field follows the Gauss/Hermite-Gauss
The Ti ions along the width and depth
directions of the waveguide follow a sum of two er-

function.

ror functions and a complementary error function
profile, respectively. The surface Ti-concentration,
1/e width and depth are 3.0 x 102! cm~2, 3.8 um
and 2.6 pm, respectively. The depth profile of Li-
composition in the waveguide layer also follows a
complementary error function with a 1/e depth of
3.64 pm. The mean ([Lipi]+[Tiwi])/([Nbxb]+[Tins])
ratio in the waveguide layer is about 0.98. The inho-
mogeneous Li-composition profile results in a varied
substrate refractive index in the guiding layer. The
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two-dimensional refractive index profile model is pro-
posed for the near-stoichiometric strip waveguide by
taking into account the varied substrate index and
assuming the linearity between the Ti-induced index
change and Ti-concentration. The Ti-induced waveg-
uide surface refractive index increments at 1545 nm,
Ang and Aneg, are evaluated to be 0.01 and 0.034, re-
spectively, and the net waveguide surface increments
are about 0.0114 and 0.0212, respectively. Agreement
between the theoretical results and the experimental
data indicates that the refractive index profile model
proposed is close to the practical scenario.
Near-stoichiometric waveguides fabricated using

the present method have the advantage of the absence
of the Li out-diffusion problem and more free single-
mode condition over the usual congruent Ti:LiNbOg
waveguides. Moreover, the feature of the varied sub-
strate index in the guiding layer may offer the possibil-
ity of tailoring the waveguide properties through the
controllable VTE parameters, initial Ti-strip width
and thickness. With an optimized photolithographic
procedure, initial Ti-strip thickness and VTE param-
eters, the near-stoichiometric waveguides would be of
a lower loss level as a result of the reduction of the

intrinsic defects inside the crystal.
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