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Adiabatically tapered periodic segmentation
of channel waveguides for mode-size transformation

and fundamental mode excitation
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We report modeling, fabrication, and characterization of tapered waveguides, using periodically segmented
annealed proton exchange in LiNbO3. For a taper transforming the 1ye full width (intensity) mode size from
6.0 mm 3 4.4 mm to 2.0 mm 3 1.3 mm, 0.4-dB excess loss was observed. The large, slightly elliptical mode
can ease coupling to single-mode fibers and circular free-space beams. The same taper structure was used
to excite a highly multimoded (13 modes) waveguide with more than 95% of the power stably launched into
the lowest-order mode. This function is useful for nonlinear waveguide devices, such as difference-frequency
generators, in which modes at highly disparate wavelengths interact.  1996 Optical Society of America
Transformation of modal properties through axial ta-
pering of a dielectric waveguide is useful in several
contexts. Mode-size transformation permits indepen-
dent optimization of the mode size in different portions
of a waveguide for effective input and output coupling
and for eff icient performance of active or electro-optic
devices. An adiabatic taper from a single-mode to a
multimode waveguide also permits robust coupling into
the fundamental mode of a multimode waveguide, im-
portant in certain types of nonlinear waveguide devices
that involve interactions between modes at widely dis-
parate wavelengths. Although several techniques are
available for growth of axially varying III–V semi-
conductor waveguides,1,2 less progress has been made
for tapers in diffused waveguides in insulating crys-
tals. Periodically segmented waveguides3 – 9 (PSW’s)
permit independent control over vertical and lateral
confinement and thus can be used to tailor the size and
shape of waveguide modes. In this Letter we report on
modeling, fabrication, and characterization of tapers
in annealed proton-exchanged waveguides in LiNbO3
through the use of segmentation with an axially vary-
ing duty cycle, with emphasis on applications in non-
linear waveguide devices.

In a difference-frequency mixer, a pump at frequency
vp mixes with a signal at frequency vs to generate an
idler at frequency vi ­ vp 2 vs. This interaction is
useful both for generating mid-infrared radiation from
near-infrared pumps10– 12 and for wavelength conver-
sion in wavelength-division-multiplexed communica-
tion systems.13,14 One or both of signal and idler must
be at signif icantly longer wavelengths than the pump,
so a waveguide that supports modes at the longest
wavelength is necessarily multimoded at the pump
wavelength. It is diff icult to couple pump radiation
robustly into the fundamental mode of such a multi-
moded structure, a problem that has precluded prac-
tical application of the large mixing efficiencies that
have been demonstrated in such devices.10,12

For applications with two short-wavelength inputs
this mode-coupling problem can be solved with a
tapered waveguide structure. The two inputs are
coupled into a waveguide that is single moded at both
0146-9592/96/110794-03$10.00/0
input wavelengths but cut off at the output wavelength.
A subsequent adiabatic taper into a waveguide that
guides the output wavelength permits efficient cou-
pling of the input radiation into the fundamental modes
of the highly multimoded waveguide in which the non-
linear mixing takes place.

Whereas it is straightforward to taper the lateral
dimension of a waveguide by lithographic means, ta-
pering the vertical dimension requires techniques that
are difficult to control, such as diffusion in a tempera-
ture gradient and deposition of a nonuniform film.
Because it is necessary to taper both dimensions to
accomplish either a significant mode size or ellipticity
transformation, a technique that permits control of the
vertical conf inement is required.

Periodically segmented waveguides, consisting of
segments of length l indiffused with a dopant to
produce an index change Dn, separated by undoped
regions with a repeat period L, permit f lexibility in
tailoring waveguide properties. It has been shown
theoretically that an average index model, in which the
behavior of the PSW is approximated by an equivalent
waveguide in which the refractive-index step is

Dneq ­ GDn , (1)

with a duty cycle G ­ lyL, accurately predicts the
modal properties of the waveguide.4 Experimental
verification of the accuracy of the model of Eq. (1) has
been obtained for annealed-proton-exchanged wave-
guides.6 Nir et al. showed that under appropriate
fabrication conditions the propagation losses are not
significantly increased over a similarly confining
uniform waveguide.9 With independently control-
lable optical confinement in both width (with physical
width and segmentation duty cycle) and depth (with
segmentation duty cycle), the segmented waveguide
with axially varying duty cycle shown in Fig. 1 is a
practical method to make tapered waveguides.

We designed PSW tapers, using beam-propagation
method15 (BPM) simulations, with either the average
index model of Eq. (1) or a model explicitly treat-
ing the periodic (abrupt) index variations. In both
 1996 Optical Society of America



June 1, 1996 / Vol. 21, No. 11 / OPTICS LETTERS 795
Fig. 1. Schematic of an adiabatic taper using a periodi-
cally segmented structure integrated with a multimoded
waveguide designed for difference-frequency generation
(DFG).

cases we used the effective index approximation
and used the two-dimensional BPM separately in
depth and width. Predictions from these two mod-
els should bound the actual properties of diffused
tapers because they assume continuous or maxi-
mally discontinuous refractive-index distributions,
whereas real tapers exhibit axially diffused (smoothed)
distributions. Two quantities characterize the ta-
per: the throughput, defined as the ratio of the power
coupled out to that coupled in, and the mode-excitation
efficiency, defined as the ratio of the power output
in the fundamental mode to the total output power.
For the tapers considered here we found that the
mode-excitation efficiency predictions based on the
average index model agreed well with those of the peri-
odic model, whereas the throughput predictions agreed
only qualitatively.

We chose for a demonstration a taper that couples
pump radiation (780 nm) into the fundamental mode of
a waveguide designed for near-degenerate difference-
frequency mixing at 1.56 mm, thus constraining the
waveguide (and taper) fabrication conditions. Using
the annealed-proton-exchanged LiNbO3 waveguide
model of Ref. 16, we chose a proton-exchange depth
and width of 0.5 and 5.5 mm, respectively, and an
annealing time of 9 h at 333 ±C, giving a nominally
13-moded waveguide for the pump. Our modeling
indicated that a 0.1–1-mm-long input coupling region
segmented with a period of 10 mm and a duty cycle of
0.2 is single moded at 780 nm and effective as a mode
filter. We fixed the length at 1 mm and the width
at 5 mm and evaluated several functional forms of
tapered duty cycle: convex with Gszd ­ 0.2 1 0.8z1/2,
linear with Gszd ­ 0.2 1 0.8z, and concave with
Gszd ­ 0.2 1 0.8z3, where z (in millimeters) is the axial
coordinate. These simulations predicted throughput
greater than 96% for all three tapers and mode excita-
tion efficiencies of 78%, 92%, and 98% for the convex,
linear, and concave tapers, respectively.

Samples with these designs for 780-nm operation
were fabricated by proton exchange through a SiO2
mask in pure benzoic acid for 2.5 h at 177 ±C and
annealing in air at 333 ±C for 9 h. The samples were
then tested for spatial mode profiles, dependence of
output mode on input coupling conditions, taper losses,
and mode-excitation eff iciency. The measured 1ye
intensity dimensions of the fundamental mode were
6.0 mm 3 4.4 mm in the single-mode (segmented)
sections and 2.0 mm 3 1.3 mm in the multimode
(homogeneous) sections, in reasonable agreement
with the theoretical values of 5.8 mm 3 3.5 mm and
1.9 mm 3 1.3 mm, respectively. To measure the prod-
uct of mode-excitation eff iciency and throughput in the
taper (excess loss), we fabricated 11-mm-long straight
segmented waveguides with and without back-to-back
tapers. Both of these waveguides are single mode
at their input and output ends and therefore could
be tested by the Fabry–Perot method.17 The total
propagation loss of the straight-segmented guide was
1.1 dB (1.0 dBycm). The total loss for the segmented
waveguide with two 1-mm-long concave tapers was
2.3 dB. Subtracting the losses of the straight sec-
tions leaves an excess loss of 0.6 dB for each of the
1-mm concave tapers. Similarly, we obtain excess
losses of 1.5 dB for 1-mm linear tapers and 0.4 dB for
2.5-mm-long concave tapers. Although these trends
are consistent with predictions, our BPM simulations
predict approximately a factor of 1.5–2 lower losses.
The source of this discrepancy is not clear.

We used modal interference to measure the mode-
excitation efficiency. When more than one mode is
excited in the waveguide, the output intensity dis-
tribution is determined by the coherent sum of the
modal f ields present at the output of the waveguide.
To quantify the fraction of power in the fundamental
mode, we observed the output intensity distribution
while tuning the excitation laser. Wavelength depen-
dence of the output intensity distribution results from

Fig. 2. Output intensity profiles showing modal inter-
ference. Open and f illed circles were measured at two
wavelengths near 780 nm; solid curves are f its for 0 and
p relative phases between the fundamental and the f irst
allowed high-order transverse modes (a) in the width direc-
tion and (b) in the depth direction.
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Fig. 3. Measured output intensity profiles for different
input coupling conditions for launching the light into a
waveguide without any taper (left) and with a concave
taper (right). In this example, waveguides are moved
in the width direction ,1.7 mm relative to the incident
beam to change coupling conditions. Output is stably in
the fundamental mode after launching through the taper,
unlike when it is launched directly into the waveguide.

modal dispersion between the fundamental and higher-
order modes, which then add in or out of phase with
each other as the wavelength is varied. Assuming (as
predicted by simulations) that the second-higher-order
width mode and the first-higher-order depth mode
dominate the undesired modal excitation, the observed
output can be fitted with respect to the ratio of fun-
damental mode to higher-order mode power. Figure 2
shows the measured output intensity profiles of maxi-
mum and minimum widths in a multimode guide, in
which light has been launched through a 1-mm concave
taper. The solid curves are fits for 0 and p relative
phases of the fundamental and higher-order modes,
corresponding to mode excitation efficiencies of 97%
in width and 98% in depth, resulting in 95% overall.
These figures are again in reasonable agreement with
the 98% overall efficiency predicted from simulations.
Qualitative mode imaging verif ied the better mode-
excitation performance predicted by BPM for the con-
cave taper compared with the linear and convex tapers.

We tested the sensitivity of the output intensity dis-
tribution to the input coupling conditions to illustrate
that the filtering of the input coupling region pre-
vents launching of undesired modes. Figure 3 shows
measured output intensity distributions observed with
different input coupling conditions for two waveguides
differing only in that one had a 1-mm-long concave in-
put taper and the other did not. The waveguides were
moved laterally (shown) and vertically ,1.7 mm. It
can be seen that the output mode mixture for the wave-
guide with no taper is highly sensitive to input coupling
conditions, whereas the mode mixture for the wave-
guide with the coupling taper is not.

In summary, we have used a segmented structure
to fabricate tapered annealed proton-exchanged chan-
nel waveguides in LiNbO3. The results are in good
agreement with an average index model for the seg-
mented waveguides. Spot-size transformations of 3:1
have been obtained, with excess losses of 0.4 dB. The
large dimensions of the single guided mode at the input
simplify coupling and increase stability for free-space
launching and also should prove useful for eff icient
fiber pigtailing. The output mode of the taper is the
fundamental transverse mode of the multimoded wave-
guide, regardless of the alignment of the input beam.
Additionally, PSW tapers can be integrated with es-
sentially any existing integrated-optic device without
requiring additional lithography or diffusion steps.
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