*ﬁ

optical waveguides

|. Mansour and G. Gianello

S. Bosso, R. Corsini, and G. Mussi

change on Ti concentration has

I. INTRODUCTION

Lithium niobate .(LiNbO,) is one of the most popular
_ dielectric materials for integrated optics.1 It is characterized
by low propagation loss (~0.1 dB/cm), ease in fabrication,
and by utilizing its high electro-optic figure of merit it allows
ptical modulators and/or switches to be made for high-
peed modulation, switching, and routing of optical signals.
The refractive index increase to realize an optical wave-
de is usually achieved by locally doping the LiNbO; crys-
tal with titanium at high te:mperature2 or by ion exchange in
which lithium ions of the substrate material are exchanged
y hydrogen ions (protons) of the acid.>* A large variety of
grated optical devices has been demonstrated where these
techniques have been employe:d.5
Although the procedure to fabricate high-quality
iNbO; optical devices has been known for more than 1
ade, it is important to make a systematic study of the
on behavior of titanium in LiNbO; for the optimiza-
the refractive index parameters in order to tailor the
optical waveguides.
ndary-ion-mass spectrometry (SIMS) is a powerful
! tool to study the in-depth concentration profiles of
dopants because of its extremely high sensitivity and
depth resolution.® The refractive index profile can
ned using one of the efficient optical measure-
as effective index method (m line)® and near
method.”'® The knowledge of the inter-
between the refractive index change and the
centration provides a tool to reconstruct the re-
1ex profile. Some articles have dealt with the prob-
determination of refractive index changes in Ti-
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Secondary-ion-mass spectrometry (SIMS) and near-field (NF) methods have been applied to study
Ti:LiNbO; optical waveguides. Ti concentration as a function of diffusion process parameters has
been studied by the SIMS method. The main determining factors that were found to affect the
depth-diffusion behavior of titanium in LiNbO; slab waveguides are the initial thickness of the
dopant film and the diffusion temperature. Anisotropy in the diffusion rate for X- and Z-cut crystal
directions has been observed. The propagating-mode NF method has been applied to the refractive
| index profile reconstruction for single-mode optical channel waveguides. A sharp change in the
% index at the air—guide interface has been observed, as expected. The dependence of refractive index
' to be nonlinear,

such as quadratic,

diffused LiNbO; optical waveguides.“‘12 For example, in
one article a linear dependence between the extraordinary
refractive index change and titanium concentration was
obtained,!! whereas in others a nonlinear relationship be-
tween refractive index change and titanium concentration
was found.'

The present study reports Ti dopant concentration pro-
files in LiNbO; as function of process parameters, using
SIMS analysis. It also presents a method to reconstruct the
refractive index of Ti:LiNbO; waveguides using the refracted
NF method, and how to relate the index change to Ti con-
centration. In Sec. II we report the results on the character-
ization of Ti diffusion process. In this step we have used slab
waveguides, realized more simply in comparison to channel
waveguides, permitting a complete analysis of the diffusion
process. Later on, in Sec. III, we report results on optimiza-
tion of refractive index profiles in channel waveguides by
means of NF analysis, utilizing parameters derived in Sec. IL
In Sec. IV the relation between Ti concentration and the
corresponding index change is derived.

II. Ti:LiNbO; SLAB WAVEGUIDES
A. Experiment

Polished LiNbO; crystalline samples (Crystal Technol-
ogy, Inc.) cut (X and Z directions) by Pirelli SpA, of 10
% 10X 1 mm? dimension, were cleaned in successive baths of
trichloroethylene, de-ionized water, and acetone using ultra-
sonic cleaner. Titanium films were deposited on LiNbO; sub-
strates by an Alcatel rf magnetron sputtering machine, oper-
ating at a frequency of 13.56 MHz. The Ti target was water
cooled. Sputtering was done in argon atmosphere at a pres-
sure of 0.5 Pa. The power level was 150 W. Typically, the
sputtering rate was 330 A/min. Deposited film thicknesses .
were measured by a Dework V profilometer.
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TABLE I. Process and diffusion parameters for Ti films diffused in LiNbO,
(diffusion time: 8 h).

Sample  Ti thickness  Diffusion D D, o
no. A) temp. (°C)  (um%h) (108 um?/h) (eV)
Z1 700 900 0.0770
Z2 700 1000 0.6213
Z3 700 950 0.2728 2.69 2.1777
74 500 950 0.3021
Z5 500 1000 0.6726
X1 700 900 0.1839
X2 700 1000 0.3972
X3 500 900 0.0820 0.333 2.0037
X4 500 1000 0.3805
X5 500 950 0.1884

Slab waveguides were prepared by the diffusion of the
film material into the substrates by placing the samples into a
tube furnace with three temperature zones provided with a
digital temperature controller (+1 °C) under a flow of atmo-
spheric air of 40 Z/h. The detailed procedure was described
earlier.®

SIMS measurements of the diffused samples were per-
formed using a CAMECA ims 4f ion microscope equipped
with a normal incidence electron gun used to compensate the
surface charge buildup while profiling insulating samples
without any need to cover the surface with a metal film.
Concentration profiles were obtained by 14.5 keV Cs™ bom-
bardment and by negative secondary-ion detection. The mea-
sured ion yield of each species at any instant lies within
*5% deviation. The erosion speed was evaluated by measur-
ing the depth of the erosion crater at the end of each analysis
by means of a profilometer Tencor Alpha Step. The maxi-
mum deviation in measuring a certain depth by this instru-
ment is of the order of 5%. The calibration of the Ti profiles
was made by means of the measurement of the total Ti dose
in the as-deposited films using Rutherford backscattering
spectrometry (RBS) analysis with 2.2 MeV “He™* beam (6
=160°).

B. Results and discussions: SIMS analysis

The main parameters that affect and control the dopant
concentration depth profiles are the initial thickness of the
film and the diffusion temperature.® In order to obtain infor-
mation regarding the anisotropy of the diffusion process,
lithium niobate substrates with two different crystal cut di-
rections were analyzed. Table I shows the experimental pro-
cess parameters for two different (X and Z) crystal cut direc-
tions.

Figure 1 shows SIMS concentration profiles of titanium
atoms in Z-cut slab waveguides at various diffusion tempera-
tures for 500- and 700-A-thick Ti films. Figure 2 shows the
concentration depth profiles of titanium atoms for X cut for
the same film thicknesses and diffusion condition. The Ti
distribution in both cases is seen to be strongly affected by
the temperature. The penetration depth is found to increase
up to about 8 um with a decrease in the maximum concen-
tration at the surface of about 2—3 times with an increase of
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temperature of 100 °C. In the case of 900 °C diffusion tem-
perature the films are seen not to get completely diffused.

The measured profiles demonstrate that the one-
dimensional (planar) diffusion process can be described by
the standard Fick-type diffusion equation where the bound-
ary is kept at a constant concentration Cy, provided the tita-
nium reservoir is not exhausted during the diffusion,

wowH _ F*C(y,1)

i &

C(0,1)=C,y, y=0, 1)
C(y,0)=0, y>0,

where C is the titanium concentration, y is the direction nor-
mal to the substrate surface, and D is the diffusion coeffi-
cient. The solution is the complementary error function,

Y
C(y,t)=C, erfc t<t;). 2
(y.1) 0 ( ) \/-D_t) ( 1) 2
Y is the depth measured from the diffusion surface and ¢ is
the total diffusion time. The surface concentration C, can be

regarded as the maximum solubility of Ti into LiNbO; at a
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iven temperature. At the time =1, , which can be evaluated
m the law of mass conservation, the reservoir is depleted.

)d)"=CT, C= g (3)

ing phase. The diffusion profile can be approxi-
Gaussian with a surface concentration c, below
lubility,
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FIG. 3. Arrhenius plots of Z- and X-cut slab waveguides.

In the case of uncompletely diffused Ti films experimen-
tal SIMS profiles have been fitted by erfc functions (2) with
C, and D parameters. When a complete film diffusion has
been observed a Gaussian fit (4) is used.

Figure 3 presents the plot of diffusion coefficient as a
function of 1/7 for all analyzed samples. The diffusion coef-
ficient D is related to the diffusion temperature by the well-
known Arrhenius equation

D=D, exp(%jg) :

where D, is the diffusion constant, Q is the activation en-
ergy, k is the Boltzmann constant, and 7 is the diffusion
temperature. Knowing D at different temperatures one can
calculate D, and Q (Table I). As seen in Fig. 3, the diffusion
coefficient in the case of the Z-cut direction is approximately
twice that in the case of the X-cut direction, showing an
anisotropy of the diffusion process in the crystal.

The lithium depth profile, measured by SIMS, suffers a
surface depletion in a 1-um-thick layer. After this region Li
profile reaches a steady-state value. The Li outdiffusion phe-
nomenon, commonly encountered during Ti diffusion treat-
ment, could be thought as the superposition of two effects:

(i)  broad, steady-state depletion (depth~87 wum), due to
the fact that Li ions are small and mobile, and can be
redistributed easily in the crystal structure, and

(i)  narrow depletion (depth~1 wm), which is function of
the crystal surface state and diffusion conditions.

In our case, the estimated whole index increment due to Li
loss is negligible compared with that caused by Ti
diffusion.'*

It is known that the Li concentration profile, modified by
the outdiffusion phenomenon, is strongly dependent on dif-
fusion process parameters. A completely different behavior
of Li ions in lithium niobate was obtained in samples fabri-
cated with various methods. For example, using a 25 nm
layer of MgO deposited on LiNbO; surface, a strong increase
in Li outdiffusion rate was observed. Anyhow, there are vari-
ous well-known methods to compensate/suppress the Li out-
diffusion process.6
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lll. Ti:LiINbO; CHANNEL WAVEGUIDES
A. Experiment

Diffusant Ti film of 965 A thickness was deposited by
sputtering onto an X-cut LiNbO; substrate and patterned
photolithographically. The strip width was 8.5 um. Titanium
was diffused at 1030 °C for 9 h under the same conditions as
for the slab waveguides.

From the diffusion theory, the Ti concentration profile in

a channel waveguide is given by’

7Cy ( —x? (z = w)}
C(x,2)= 2JnDi exp 4Dt) erf] Z )| (35)
where 2w is the strip width, and d, is the diffusion depth
along the lateral axis. In this case, the reference coordinates
have been chosen to coincide with the crystal principal axes.

NF measurements were performed with a distributed
feedback (DFB) single-mode semiconductor laser diode, op-
erating at 1.55 um, butt-coupled to the Ti-diffused LiNbO,
strip waveguide. The schematic diagram of the setup is
shown in Fig. 4.

Both the launched and excited modes were transverse
electric (TE) polarized. The magnified NF image of the
guided mode was projected onto the infrared Hamamatsu
digitizing video camera (Vidicon 1000) using a 20X, f=10
mm objective lens. A desktop computer was connected to the
camera to store and manipulate the intensity data profiles

which were corrected for the low-power response of the
video camera, using the following equation:

I(x,z)=1,(x,2)'?, (6)

where 1(x,z) is the calculated field power intensity, 7,,(x,z)
is the measured iritensity, and 7 is the nonlinearity coefficient
of the video camera. Figure 5 shows one of the measured
power intensity profiles (3D plot) for the guide under inves-
tigation.

Ten intensity profiles were measured and the average
profile was calculated for each guide in order to reduce the
noise. The electric-field intensity was calculated using the
equation

W zZt+w
€ a,

T : 1/2
(x z)) ; o

L max

A(x,z)=(

where A(x,z) is the normalized electric field intensity and
I ax 1 the maximum power intensity.

To reduce further the effects of noise, especially to
eliminate the high-frequency fluctuations, the field profile
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FIG. 5. Power intensity profile of the Ti:LiNbO; channel waveguide m
sured by NF method. '

was smoothed out by a low-pass digital filter with a rejected ‘
power R=0.057%, calculated using the equation 2
P i_P 0
= -
where P; and P, are the input and output powers of the ﬁlter,;
respectively, integrated over the whole cross section S. The

relative error € (0.71%) between the filter input-field profile
and the smoothed one was obtained from the following equa-

tion:
_ JslAo—Alds
JsAids

where A; and A, are the normalized filter-input and -output
electric-field intensities, respectively.

©)

B. Results and discussions: NF analysis

It is shown that the refractive index distribution can be
determined uniquely from the propagation-mode NF i
pattern.'> The propagating-mode NF method has been ap- |
plied to the index profile measurement for single-mode

three-dimensional optical channel waveguides realized on
LiNbOs; by Ti indiffusion. To calculate the index profile from
the smoothed electric field, it was assumed that the perme-
ability of the medium is equal to that of vacuum and the
refractive index change is very small. Maxwell’s equations
were approximated into the scalar wave equation,

VZA(x,z)+[k2n2(x,z)—,82]A(x,z)=0, (10)

where k(=2/\) is the propagation constant in free space, 8
(=kN.g) is the propagation constant in the medium, N . be-
ing the effective index for the fundamental mode. Equation
(10) leads to the following expression for the refractive in-
dex:

P 19
¥ P ok

The method to construct the refractive index profile from
the measured NF intensity was applied to a number of theo-

(11)

nz(x,z)=
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FIG. 6. Refractive index change profile obtained by NF method (solid line),
best fit index profile (dashed line), and expected index profile (dotted line)

for Ti:LINbO3 channel waveguide.

} mea-

retical and experimental examples, as internal consistency
checks. At first it was applied to some analytical examples of
fdptical fibers and diffused waveguides, in which we found
the mode profile for an imposed index profile and then, using
‘the NF calculation procedure, the true index profile was ob-
tained. Afterward, the method was used for various experi-
ental examples of optical fibers, LiNbO; waveguides, and
on-exchanged glass waveguides.

In the case of Ti:LiNbO;, for TE polarization and Y
opagation in X-cut waveguides, electric field is along the Z
s and the refractive index is equal to the extraordinary
index, which is 2.138 for A=1.55 um.'® The effective index
o is very close to that of the substrate n; and the index
hange An was measured using the NF method as follows:

1 112
nz—m—VZA) —n,. (12)
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FIG. 8. Vertical section of: (a) measured electric-field intensity; (b) calcu-
lated refractive index profile; (c) best fit of the refractive index (b) to a
semi-Gaussian function.

the approximation N g=n; it becomes An(x,z)=n;—Ng.
In principle, N g can be obtained by this method, as shown in
Fig. 6.

Figure 7 shows (a) horizontal sections of the measured
field intensity, (b) the index profile measured by the NF
method, and (c) the best fitting of the profile presented in (b)
done on the basis of an error function given by

A ztw Z=W
An(z)= > erf( 7 )—erf( - ) (13)

Broadening of the index profile in the lateral scale with re-
spect to the strip width is due to the lateral diffusion of Ti
and can be seen in the same figure. The recovered parameters
obtained from the best fitting [Eq. (13)] are An,,=0.005,
2w=9.26 um, and d,=2.25 pum with a relative error of
about 12%.

Figure 8 presents a vertical cross section of the mode
profile at the maximum value and that of the index profile fit
to a semi-Gaussian function given by

An(x)=An g exp(—x*d?), for x<O0. (14)

The recovered parameters in this case are An g, =0.006,
d,=3.27 pm in the depth scale with a relative error of about
20%.

The maximum of the mode profile is shifted toward the
substrate by 1.56 um (&, as shown in Fig. 8), as in agreement
with the wave theory.!” Most of the guided mode power trav-
els in the guide region with a small tail in the substrate, and
with almost zero tail in the air side due to the high index
difference between these two media.

Ideally, a Ti:LiNbO; waveguide should have a sharp
steplike index difference at the air—guide interface, but as
seen in Fig. 8, although there is a sharp change in the inter-
face region, it is not an ideal step. This can be due to the
diffraction phenomena at the guide end and to the limited
resolution of the objective lenses in the present case (~1
wum), smoothing out the intensity mode profile before being
measured by the video camera.
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IV. RELATIONSHIP BETWEEN REFRACTIVE INDEX
CHANGE AND DOPANT CONCENTRATION

It has been demonstrated that both refractive index and
titanium concentration profiles are Gaussian. The relation-
ship between dopant concentration C and refractive index
change An can be derived from Egs. (4) and (14) as follows:

An(C)=Anpa(C/Crmar) (15)

where C,,,, is the maximum Ti concentration, a=(d./d,)?
d, = \/4_D_t, and d,, is the 1/e depth of the refractive index
change profile. In our case, An . =0.006 and d,=3.27 um,
as derived from NF measurements and Crmax=7.29%X10%°
atoms/cm? and d.=4.70 um, as derived from RBS and SIMS
analyses.

Therefore, from the present studies we obtained

AnocC?1, (16)

Equation (16) indicates a nonlinear relationship between the
index change and Ti concentration inside the crystal. The
proportionality constant is a function of the strip dimensions
and the diffusion process parameters. Similar results were
obtained by other workers!? using different techniques to ob-
tain dopant concentration and refractive index change pro-
files.

The diffusion of Ti into LiNbOj; creates stresses suffi-
cient to generate both misfit dislocations and cracks within
the diffused layer.'® The most likely mechanism for the re-
fractive index change in the diffused layer is that due to
photoelastic effect caused by the lattice contraction which
increases nonlinearly with Ti concentration, explaining the
behavior in Eq. (16).

V. CONCLUSIONS

The depth-diffusion behavior of Ti has been studied in
Ti:LiNbOj; slab waveguides by SIMS. It has been found that
the main parameters that affect and control the Ti concentra-
tion depth profile are the initial thickness of the Ti film and
the diffusion temperature. Anisotropy in the diffusion rate for
X- and Z-cut crystal directions has been observed.

Reconstruction of the refractive index profiles in channel
Ti:LiNbO; waveguides has been made by the NF method. A
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sharp change in the refractive index at the air-guide iy it
face has been observed, as expected. The deviatiop from g
ideal steplike behavior for the index change can be dye to th
diffraction phenomena at the guide end and by the limj
resolution of the objective lenses used in the measureme

Combining SIMS results with index measurementg py
NF, the relationship between the dopant concentratiop ,}
index change has been found to be nonlinear, which hag
attributed to a nonlinear increase in the diffusion-indy, .;_{5
strains with dopant concentration.
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