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Lithium Niobate Ridge Waveguides Fabricated
by Wet Etching

H. Hu, R. Ricken, W. Sohler, and R. B. Wehrspohn

Abstract—The fabrication of LiNbO; ridge waveguides etched
by a mixture of HF and HNQO; using chromium (Cr) stripes as
masks is reported. Smooth etched surfaces are obtained by adding
some ethanol into the etchant. Under-etching is nearly avoided by
annealing the sample with the Cr masks before the wet etching
process. Low-loss monomode ridge guides with a height of up to
8 um and a width between 4.5 and 7.0 ;m are demonstrated. As an
example, the propagation losses in a 6.5-;:m-wide and 8-;:m-high
structure are (0.3 dB/cm for transverse-electric and 0.9 dB/cm for
transverse-magnetic polarization, respectively, at 1.55-ym wave-
length.

Index Terms—Etching, integrated optics, lithinm compounds,
losses, ridge waveguides.

1. INTRODUCTION

IDGE waveguides are important basic structures of in-
Rtegrated optics. In comparison with conventional guides,
ridge waveguides can reduce bending losses improving in
this way the integration level of optical devices. Moreover,
ridge guides reduce the size of optical modes enhancing the
efficiency of nonlinear effects [1]. In electrooptical materials
such as lithium niobate (LiNbOj3, LN) ridges can also reduce
the half-wave voltage or length of modulators [2].

A variety of methods has been investigated in the last years
to fabricate optical ridge guides in LN. Etching is the key step
to achieve guiding in the horizontal direction, but it has to be
compatible with the fabrication technique yielding guiding in
the vertical direction. Plasma etching has been used after planar
titanium (Ti)-indiffusion or proton exchange for waveguide for-
mation [3], [4]. Ion beam etching has also been used after crystal
ion slicing and wafer bonding [2]. Furthermore, ridge waveg-
uides have been fabricated by precision diamond saw cutting
after preparing a planar waveguide by gluing MgO : LN to LN,
followed by grinding and polishing [1]. Moreover, wet etching
of proton-exchanged LN structures followed by Ti-indiffusion
has been reported [S]. Wet etching after oxygen-ion implanta-
tion was also used to define ridge waveguides after Ti-indiffu-
sion [6]. Ridge waveguides could also be fabricated in Z-cut LN
by chemical etching after spatially selective domain inversion in
combination with various techniques yielding vertical guiding
[7].

Another very simple possibility is to deposit first a metallic
stripe as mask on the — 7 surface [e.g., made of chromium (Cr)],
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followed by wet chemical etching. However, this process suf-
fers from two drawbacks. The first one is considerable under-
etching, i.e., etching under the mask. The second one is the en-
larged roughness of the etched surface. In this letter, we report
how under-etching can be significantly reduced by annealing.
Moreover, we demonstrate that a smooth etched LN surface can
be obtained by adding some ethanol into the HF-HNO3 etchant.
Using this technique, high-quality monomode LN ridge waveg-
uides with a width between 4.5 and 7 ym and a height up to 8 um
have been fabricated. The propagation loss in 6.5-ym-wide and
8-pm-high ridges, e.g., can be as low as 0.3 dB/cm for the fun-
damental transverse electric (TE) and 0.9 dB/cm for the funda-
mental transverse magnetic (TM) mode measured at 1.55-pm
wavelength.

II. FABRICATION

The LN ridge waveguides were fabricated in five steps.

1) Planar waveguide fabrication: A Ti film of 70-nm thick-
ness was vacuum-deposited by e-beam evaporation on
the —Z surface of a LN substrate of 0.5-mm thickness.
Subsequently, it was in-diffused at 1060 °C for 8.5 h in an
argon (7.5 h) and oxygen (1 h) atmosphere, respectively.
The resulting Ti concentration profile (cr;), calculated
with known diffusion coefficients [8], corresponds to half
a Gaussian distribution with a surface concentration of
0.97 x 10*! cm~3 and a depth [full-width at half-max-
imum (FWHM)] of 3.24 um. As the increase of the
extraordinary index of refraction (n.) is proportional to
the Ti-concentration, a Gaussian distribution results as
well with a surface index of 2.1477 at 1.55-um wavelength
and the same depth is obtained. However, as the increase
of the ordinary index of refraction (n,) is proportional to
(cr:)%%5 [9], the n, profile can be approximated by half
a Gaussian distribution as well with a surface index of
2.2163, but a larger depth of 4.38 pm.

2) Cr mask fabrication: After carefully cleaning the sample,
a Cr film of 60-nm thickness was deposited by sputtering
on the surface of the planar waveguide. Subsequently, 4-
to 12-pm-wide Cr stripes were defined by optical contact
lithography with an e-beam written mask and wet etching
using a Cerium Sulfate solution. Finally, the remaining
photoresist structure was removed by acetone.

3) Annealing: The sample was annealed at 300 °C for 3 h to
improve the adhesion of the Cr film. Without annealing,
serious under-etching was observed.

4) Wet etching: The sample was etched in a mixture of 60-ml
HF and 39-ml HNOg3 with a concentration of 40% and
100%, respectively, for several hours at room tempera-
ture with stirring. The etch rate of —Z-cut LN was about
0.8 pm/h at 22 °C. When ethanol was added to this etchant
with a volume ratio of 1:7, the etch rate was reduced to
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Fig. 1. SEM micrographs for comparison of two etched —Z surfaces. (a) Top
view of a surface with a ridge etched by HF-HNO; without ethanol; the bright
stripes along both sides of the ridge are the etched walls. (b) Side view of two
kinds of hillocks on the same surface as in (a) with higher magnification. (c) Top
view of a surface with a ridge etched by HF-HNO3 with ethanol; the bright
stripes along both sides of the ridge are the etched walls. (d) Side view of hillocks
on the same surface as in (c) with higher magnification; only a few hillocks are
observed.

0.62 pm/h, but the smoothness of the etched surface was
significantly improved. The etch rate of an X-cut surface
was below 3 nm/h. The HF-HNO3 mixture did virtually
not attack the Cr stripes.

5) Removal of Cr mask and end face polishing: Using a
cerium sulfate solution again, the Cr stripes were removed
and the waveguide end faces were carefully polished using
a SiO9 suspension.

III. MORPHOLOGY OF SURFACES AND RIDGE STRUCTURES

Fig. 1 shows a comparison of the —Z surfaces of undoped
LN etched by HF-HNO3 without and with ethanol. Fig. 1(a) is
a top view of the LN surface etched without ethanol. The etch
depth is about 7.5 um. Fig. 1(b) is a side view of the sample
surface, showing two types of hillocks, marked by A and B,
respectively. The density of hillocks of type A is much higher
than that of type B, and is affected by the intensity of stirring.
Slow stirring generates a high density of hillocks. Fig. 1(c) is
the LN surface etched by HF-HNO3 with ethanol; the etching
depth is about 9.6 psm. The surface is smoother than that shown
in Fig. 1(a), but there are still some hillocks of type B on the
surface, which are shown in Fig. 1(d). It seems that during the
etching process small bubbles of hydrogen can be generated,
which are adsorbed on the surface and impede further chemical
etching. The result is a rough surface. Ethanol helps to avoid
the bubble formation, yielding a much better surface quality, as
shown in Fig. 1(c). An analogous explanation was reported in
reference [10] for etching silicon.

Fig. 2 shows a top view of LN ridge waveguides fabricated
without and with annealing after the Cr-mask definition. The
waveguides are partially covered by the masking Cr stripe;
its right hand part is peeled off to show the ridge underneath.
Fig. 2(a) presents a ridge of about 5.9-um height fabricated
without annealing; it is about 3.3 pm smaller than the original
Cr mask of 8.4-pm width. This difference depends on the
intensity of stirring during etching; the faster the stirring the
larger the difference becomes. Fig. 2(b) presents a ridge of
8-pum height fabricated after annealing the sample with a Cr

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 19, NO. 6, MARCH 15, 2007

Fig. 2. Top view of ridge waveguides with partially removed Cr-mask under
the optical microscope. (a) Fabricated by selective chemical etching without
annealing after Cr-mask definition, and (b) with annealing.
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Fig. 3. (a) Optical micrograph of an end face of a Y-propagating ridge wave-
guide fabricated in Ti: LN. (b) SEM micrograph of etched wall and surface of
Ti:LN. (c) Optical micrograph of an end face of a X-propagating ridge struc-
ture fabricated in undoped LN. (d) SEM micrograph of etched wall and surface
of undoped LN.

mask of 6.5-pm width. It is evident that metallic mask and ridge
have almost the same width; under-etching has been strongly
reduced. The annealing process results in a tighter bonding
of Cr and LN, which withstands the attack of the etchant.
Otherwise, under-etching is observed.

Fig. 3(a) shows an end faces of a Y-propagating ridge wave-
guide fabricated with the annealing process. The etched ridge
has walls of two different slopes; the reason is still unknown.
Fig. 3(b) is a scanning electron micrograph (SEM) of an etched
side wall and of the resulting surface of etched Ti:LN. The
end face of the ridge guide shown in Fig. 3(b) was formed by
wet etching. Fig. 3(c) shows the end face of a ridge, parallel
to the crystallographic X -axis, in undoped LN. The two etched
walls are asymmetric, which probably results from the different
etching behavior of +Y and —Y surfaces [11]. A SEM mi-
crograph of a cleaved ridge with etched wall and surfaces is
shown in Fig. 3(d). The surface of etched undoped LN is much
smoother than that of Ti: LN.

IV. OPTICAL WAVEGUIDE PROPERTIES

The propagation losses of the Y-propagating ridge waveg-
uides with a length of 30 mm and a height of 8 ym were
measured using the Fabry—Pérot resonance method at 1.55-pm
wavelength [12]. In general, the losses are larger for TM- than
for TE-polarization. Moreover, there is a tendency of decreasing
loss as function of increasing waveguide width. For example,
at 5.5-um top width, the lowest TE-(TM-) propagation loss
is 0.4 dB/cm (1.2 dB/cm), while at 6.5-um top width, the
lowest TE-(TM-) propagation loss is 0.3 dB/cm (0.9 dB/cm).
The higher loss of the TM modes might be explained by the
stronger confinement in the upper part of the ridge waveguide
(see Fig. 4); therefore, the corresponding TM field strength is
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Fig. 4. Measured mode intensity distributions with contour lines in steps of
10% (upper graphs) and calculated distributions (lower graphs) in a Y-propa-
gating ridge waveguide with a top width of 6.5 pm. (a) TE mode; (b) TM mode.
The shape of the ridge waveguides is indicated.
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Fig. 5. (a) TE mode and (b) TM mode with the following: (A) measured mode
size; (—eo—) calculated mode size; (T [0 ) horizontal and (=) ver-

tical FWHM; (---M---) calculated mode size with +20% An; both plotted as
function of the waveguide width at the top of the Y-propagating ridge guide.

higher at the etched sidewalls than for TE, resulting in stronger
scattering by the residual roughness.

The polarization-dependent mode intensity profiles were
measured at 1.55-pm wavelength using a standard setup magni-
fying the near field at the waveguide end face by a microscope
objective. The results are shown in the upper row of Fig. 4. The
Y-propagating ridge waveguides are monomode. It is evident
that the TE mode has a larger extension than the TM mode
due to the weaker guidance of the ordinary index profile in the
depth.

Moreover, the corresponding intensity profiles have been cal-
culated with a commercial software using the finite element
method. The results are shown in the lower row of Fig. 4; they
agree well with the measured mode distributions.

The mode size is an important parameter in particular for non-
linear optics applications. It was calculated and measured for a
number of Y-propagating ridge waveguides of different width;
the results are shown in Fig. 5. The mode size defined in this
letter is the product of the FWHM of the mode intensity distri-
bution in vertical and horizontal directions. The FWHM of the
mode intensity in vertical direction is decreasing with increasing
waveguide width, whereas the FWHM of the mode intensity in
horizontal direction is increasing. Fig. 5(a) shows the TE mode
size. It decreases as function of the waveguide width down to
about 6.5 um, and increases at smaller widths when approaching
cutoff. The calculated and measured TE mode sizes show a sim-
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ilar dependence but with an offset. This difference might be due
to the inaccuracy of the theoretical model describing the ordi-
nary refractive index with its nonlinear dependence on the Ti
concentration. By assuming a higher refractive index increase
(20% increase), the mode sizes are recalculated and shown in
Fig. 5(a) as well resulting in a somewhat better agreement of
measured and calculated results. Fig. 5(b) shows the calculated
and measured TM mode sizes, which agree well.

V. CONCLUSION

Three main results have been reported as follows: 1) A flat
etched surface of pure LN is obtained by adding some amount
of ethanol to the HF-HNO3 etchant. 2) A Cr film can be used as
mask in the wet etching process; appropriate annealing signif-
icantly reduces the underetching. 3) Monomode ridge waveg-
uides of low propagation losses have been fabricated; as an ex-
ample, they are 0.3 dB/cm for TE-, and 0.9 dB/cm for TM-po-
larization, respectively, in a guide of 6.5-pym width and 8-pm
height at 1.55-um wavelength.
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