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Abstract: We report shallow single-mode Ti:LiNbO3 strip waveguides fabricated on Z-cut
congruent LiNbO3 substrate by a two-step Ti-diffusion process, starting with the diffusion of
a homogeneous Ti film at 1020 �C for 2 h, followed by the diffusion of Ti strips at the same
temperature for 2 h again. These waveguides with a loss as low as 0.3 dB/cm have smaller
cross section sizes, larger surface refractive index increment, and a mode field depth that is
half as shallow as the conventional Ti:LiNbO3 waveguide, satisfying the requirement by
photonic crystal fabrication. The Ti4þ-concentration profile was characterized by secondary
ion mass spectrometry. The 2-D refractive index profile model is proposed for the peculiar
waveguide structure. On the basis of the index model, we have simulated the mode field
distribution using the beam propagation method. The results show that the theory is in good
agreement with the experiment, verifying the validity of the proposed index model.

Index Terms: Ti:LiNbO3 strip waveguide, photonic crystal.

1. Introduction
The photonic crystal (PhC) displays a number of advantages, such as large surface-volume ratio,
substantial size reduction, and peculiar manipulation for transmitted photons. It has given birth to a
number of realizations such as lowering energy loss, increasing operation speed, and realizing new
functions of related devices. Moreover, integration of PhCs within a planar waveguide enables to
implement compact devices with fully integrable functions. In these devices, the light is confined into
the crystal by a classical waveguide structure. Their tunability is realized by means of an active
substrate in which the optical properties can bemodified by external parameters like the electric field,
temperature, strain, etc. Among different types of active materials, LiNbO3 (LN) is an attractive
substrate material for 2-D PhCs because of its high refractive index and excellent electrooptic (EO),
acoustooptic, and nonlinear optical properties. Over the past few years, great effort has beenmade to
explore a feasible way to implement a PhC structure within the LN waveguide. Researchers have
demonstrated their implementation of the PhC in a proton exchanged (PE) LN waveguide using
focused ion beammilling [1], [2], reactive ion etching [3], and inductively coupled plasma [4] methods.
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Nevertheless, the fabrication of satisfied PhC structure in LN continues to be a difficult task. One
major problem is that the designed diameter of the etched holes retains only to an etching depth of
�2 �m. Deeper than 2 �m, the holes drilled are no longer cylindrical but become a conical shape due
to the charge accumulation effect arising from the insulating property of LN. This experimental
limitation requires a shallower waveguide. As a shallow waveguide on LN can be easily fabricated by
the PE method, previous studies were all based upon the PE LN waveguide. It is well known that the
PE LN waveguide suffers from the degradation of EO coefficient, instability, larger waveguide loss,
and complicated crystalline phase in the waveguide layer. In contrast, the Ti-diffused LN (Ti:LN)
waveguide has of a number of advantages over the PE waveguide such as lower waveguide loss,
higher thermal, electric and chemical stabilities, retained crystalline phase, and, hence, EO property.
All of the problems concerning with PE waveguide can be avoided if a Ti:LN waveguide is used to
develop a PhC device. However, the conventional Ti:LN strip waveguide, which is usually fabricated
by indiffusion of a 6–8-�m-wide, 90–110-nm-thick Ti strip at 1030–1060 �C for 9–10 h in the argon
atmosphere, is not suitable for development of PhC device as it has a 1/e transverse magnetic (TM)
mode field depth of 5 �m [5] [Transverse electric (TE) mode has a larger mode size.] A shallow Ti:LN
strip waveguide is required and desired. In this letter, we report shallow Ti:LN strip waveguides on
Z-cut congruent LN substrate. The waveguides were fabricated by a special two-step method:
diffusion of the homogeneously coated Ti film at first and then the photolithographically patterned
Ti strips.

2. Experiment
The waveguide fabrication started from a Z-cut congruent LN with a two-step technological process
of Ti diffusion. First, a 40-nm-thick Ti metal film was coated onto one surface of the 0.5-mm-thick
congruent substrate followed by a diffusion at 1020 �C for 2 h in surrounding air. Second, a number
of Ti strips, with an initial thickness of 56 nm and initial widths of 4, 5, 6, 7, and 8 �m, were
photolithographically delineated on the surface followed by a diffusion again at 1060 �C for 2 h in air.
Accordingly, a special waveguide structure of the strip waveguides embedded in a planar wave-
guide is formed. Note that we are more interested in the strip waveguides.

A time-of-flight second ion mass spectrometry (ION-TOF TOF SIMS V) was used to analyze the
surface profile of Ti ions and the depth profiles of all of the substrate ions 7Li, 93Nb, 16O and the
doping ion 48Ti inside or outside the 6-�m-wide strip waveguide. The surface profile was obtained
by doing surface mapping with a raster size of 151:4� 151:4 �m2. For the depth analysis, a Csþ-
beam (�45 �m in diameter) of 32 nA at 3 keV was used to sputter a crater of 150� 150 �m2, and a
pulsed bismuth ion beam (pulsed current: 1 pA, pulsed energy: 25 keV) was used to analyze the
secondary ions of 7Li, 93Nb, 16O, and 48Ti as a function of time. Positive secondary ions were
detected. Ions from a central area of 3� 3 �m2 inside the erosion crater rastered on the strip
waveguide and 27:3� 27:3 �m2 inside the erosion crater rastered on the planar waveguide area
were detected. A low energy pulsed electron gun was used to reduce the surface charge accu-
mulation during the analysis. For the same purpose, before the SIMS analysis a 30-nm-thick Ag
film was coated onto the surface of each sample to be analyzed. The trace and the depth of
each erosion crater were measured by a Tencor Alpha Step 200 profilometer. The depth resolu-
tion was mainly determined by the roughness of the crater under analysis and is better than 5 nm
in our case.

3. Results and Discussion
After the diffusion processes, the strip waveguides were checked by an optical microscope. As the
representative, Fig. 1 shows the morphology image of the 6-�m-wide shallow Ti:LN strip wave-
guide. The crystallographic axes are indicated. After the fine polish to the two endfaces of the
sample, the strip waveguides were optically characterized. End-fire coupling was carried out by
launching into the 1.2-cm-long strip waveguides a 1.5-�m light. Guiding exists in all strip wave-
guides. Both TM and TE modes are well guided. As expected, the waveguides confine the TM
mode strongly while the TE mode weakly. In the following, we focus our attention on the TM modes.
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Fig. 1 shows the near-field patterns of TM modes guided in the 4, 5, 6, 7, and 8-�m-wide wave-
guides at the 1.5-�m wavelength. All guides are single mode at 1.5 �m. Further mode pattern
analysis shows that, like in the case of conventional Ti:LN strip waveguide, the light intensity of
mode guided in the waveguides under study follows a Gauss function Axexpð�2ðx=Wx Þ2Þ in the
width direction x and a Hermite–Gauss function Ayy2expð�2ðy=Wy Þ2Þ in the depth direction y . (For
convenience, here, we consider an x�y Cartesian reference frame fixed at the center of the strip
guide surface with the x axis along the width direction and the y axis pointing to the depth direction
of the guide.) At the 1.5 �m wavelength, the TM mode size Wx ðWy Þ is 3.3 (3.5), 3.6 (3.3), 3.9 (3.2),
4.2 (3.0), and 4.4 (2.8) � 0.1 �m for the 4-, 5-, 6-, 7-, and 8-�m-wide guides, respectively. In
contrast, the TE mode size is considerably larger than the TM mode size due to the weaker guiding
strength for this polarization. For the TE mode guided in the 7-�m-wide guide, its size is
7:0ð4:5Þ � 0:1 �m. We are more interested in the mode field profile in depth direction. Fig. 2 shows
the measured (scattered symbols) and Hermite–Gauss-fitting (solid lines) field depth profiles of TM
mode (at 1.5-�m wavelength) guided in the waveguides with different initial Ti-strip widths. For
comparison, we also dot-plot the field profile of TM mode guided in a conventional strip waveguide
fabricated by diffusion of 7-�m-wide, 95-nm-thick Ti strip at 1030 �C for 9 h in argon atmosphere [5].
As expected [6], the depth mode size decreases with the increased Ti-strip width. For the 6-, 7-, or
8-�m-wide guide, the depth TM mode size, which is around 3 �m, is considerably smaller than that

Fig. 1. Morphology image of 6-�m-wide shallow Ti:LN strip waveguide (left upper corner) and near-field
patterns of TM mode guided in the 4, 5, 6, 7, and 8-�m-wide waveguides at 1.5-�m wavelength.

Fig. 2. Measured (scattered symbols) and Hermite–Gauss-fitting (solid lines) field depth profiles of TM
modes guided in the strip waveguides with different initial Ti-strip widths. For comparison, the field
profile of the TM mode guided in a conventional waveguide is also shown (dotted plot).
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of the conventional waveguide: �5 �m [5]. It is thus concluded that our 6-, 7-, or 8-�m-wide guides
are about 40% shallower than the conventional guide. From the viewpoint of PhC fabrication, the
holes can be drilled down to a depth of �4 �m [7]. One can see from Fig. 2 that the TM mode
guided in the 6-, 7-, or 8-�m-wide waveguide is almost entirely confined within the 4-�m depth
range, matching well with the requirement of PhC fabrication and confirming the validity of the
waveguides.

Next, we pay attention to the profile characteristics of diffused Ti4þ ions and refractive index in the
planar and strip waveguide layers. The Ti4þ-concentration profile was analyzed by secondary ion
mass spectrometry (SIMS). Fig. 3(a) shows the Ti4þ-concentration profile (full squares) mapped
from the 6-�m-wide strip waveguide surface. Regarding the surface Ti4þ-concentration profile, there
is one point to be clarified. In principle, there must be a contribution of the planar waveguide to the
profile. However, one can see from Fig. 3(a) that the profile levels off at zero. This is related to the
surface mapping experiment, which depends just only on the gray scale of the waveguide surface.
As the strip waveguide has an obvious graded change of gray scale, its surface mapping is thus
successful. Instead, the mapping for the planar waveguide surface is impossible as one cannot
observe an obvious gray scale change. Therefore, the surface Ti4þ-concentration profile in Fig. 3(a)
does not include the contribution from the planar waveguide. Like the conventional waveguide [8],
the Ti4þ-concentration profile on our shallow strip guide surface also follows a sum of two error
functions. The solid-line represents the fitting result. The fitting expression and parameters are
indicated in Fig. 3(a). In the fitting expression, the W represents the initial Ti-strip width, and the dx
denotes the diffusion width having a value of 2:0� 0:2 �m. Fig. 3(b) shows the measured depth
profiles of substrate ions 7Li, 93Nb, 16O and diffused 48Ti ions (full squares) in the same 6-�m-wide
strip waveguide. The open squares denote the Ti4þ profile measured from the planar waveguide
area. Like the conventional waveguide [8], the Ti4þ ions in the diffusion depth direction also follow

Fig. 3. (a) Surface 48Ti profile (full squares) of the 6-�m-wide Ti:LN strip waveguide. (b) Depth profiles of
6Li, 93Nb, 16O, and 48Ti (full squares) in same strip waveguide. The open squares denote the Ti4þ profile
in the planar waveguide area. The colored curves represent the Gaussian fitting results.
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the traditional Gaussian profile whether the ions are in the strip or in the planar waveguide area. The
colored curves represent the Gaussian fitting results. The fitting expressions and parameters are
indicated. The 1/e Ti4þ diffusion depth, named dy , is 2:4� 0:2 �m in the strip guide layer and
2:5� 0:2 �m in the planar guide layer, which can be regarded as identical within the error. The
diffusion width (depth) value yields a width (depth) diffusivity of 0:5� 0:1ð0:4� 0:1Þ �m2/h, which is
in good agreement with the result 0.5 (0.4) and 0.3 (0.4) �m2/h, evaluated using the diffusion
constant and activation energy reported by Fukuma and Noda [8] and by Fouchet et al. [9],
respectively.

The dx and dy values show that the waveguides studied here are narrower and shallower than
the conventional waveguide, which has a 1=e diffusion width (depth) of 4–5 (6–7) �m. The reason
why such a narrow and shallow strip guide can support single mode at 1.5 �m is that the guide has
a higher surface Ti4þ-concentration and, hence, a larger surface index increment. Next, we try to
establish the refractive index profile model of the special shallow strip waveguide structure. The 2-D
Ti4þ-concentration profile in the strip waveguide layer can be expressed as

CTiðx ; yÞ ¼ 0:5C1 erf ðW þ 2xÞ=ð2dx Þð Þ þ erf ðW � 2xÞ=ð2dx Þð Þ½ �exp �ðy=d 0y Þ
2

� �
=erf W=ð2dx Þð Þ

þ C2exp �ðy=dy Þ
� �2

for �1 G x G þ1 and y 9 0 (1)

where the first term is the contribution due to the 2-h diffusion of 56-nm-thick Ti strip, and the second
term is the contribution due to the 4-h diffusion of 40-nm-thick homogeneous Ti film. Note that the
aforementioned diffusion depth dy in the strip guide is actually that in the planar waveguide, which
corresponds to a longer diffusion time of 4 h. While the d 0y in (1) corresponds to a shorter diffusion
time of 2 h and is different from the dy , it can be evaluated from the known diffusivity (0.4 �m2=h) and
has a value of�1:8 �m. As an example, in Fig. 4 we show the surface plot of 2-D Ti4þ-concentration
in the 6-�m-wide strip waveguide. The Ti4þ-concentration is about 1:0 � 1021 ions/cm3 on the planar
waveguide surface and 3:0� 1021 ions/cm3 on the strip waveguide surface. Indeed, The Ti4þ-
concentration on the strip waveguide surface is nearly three times higher than that of the
conventional waveguide, �1:2� 1021 ions/cm3 [10].

On the basis of (1), the Ti4þ-induced index increment �n ðx ; yÞ in the strip waveguide can be
constructed as

�nðx ; yÞ ¼ 0:5�n1 erf ðW þ 2xÞ=ð2dx Þð Þ þ erf ðW � 2xÞ=ð2dx Þð Þ½ �exp �ðy=d 0y Þ
2

� �
=erf W=ð2dx Þð Þ

þ �n2exp �ðy=dy Þ
� �2

for �1 G x G þ1 and y 9 0 (2)

Fig. 4. Surface plot of 2-D Ti4þ-concentration in the 6-�m-wide shallow strip waveguide.
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where �n1 and �n2 are the Ti-induced surface index increments corresponding to 56- and
40-nm-thick Ti films, respectively. Note that the conventional waveguide is formed by diffusion of
�100-nm-thick Ti strip and here the total Ti metal thickness coated onto the strip waveguide area is
96 nm. Both are nearly identical. The y -direction field is strongly confined due to the larger surface
index increment arising from the shallow guiding layer. To avoid multimode propagation in the width
direction, a planar waveguide was introduced to reduce the x -direction field confinement to the
mode in strip waveguide. In fact, experimental results show that without introducing the planar
waveguide, the strip waveguides fabricated under the same condition support two modes in
the x direction. As a representative, in Fig. 5 we show the surface plot of 2-D Ti4þ-induced
extraordinary index increment �ne in the 6-�m-wide strip waveguide. The �ne value is�0.01 on the
planar waveguide surface and �0.03 on the strip waveguide surface. The latter is nearly three times
larger than that of the conventional waveguide:�0.01 [9]. It should be pointed out that for the case of
�ne, (2) can only be a rough approximation because the �ne is nonlinearly dependent on the Ti4þ-
concentration [9].

On the basis of the refractive index model described by (2), we further simulated the fundamental
TM mode field profiles using the 3-D beam propagation method (BeamPROP from RSoft Design
Group, Inc.). The numerical results show that the simulated Wy value of the TM mode is about 3.5,
3.3, 3.1, 3.0, and 2.8 �m for the 4-, 5-, 6-, 7-, and 8-�m-wide guides, respectively, which are in good
agreement with the corresponding experimental values 3.5, 3.3, 3.2, 3.0, and 2.8 � 0.1 �m,
respectively. The good agreement between the theoretical and experimental results gives a hint
that the refractive index model proposed for the special shallow strip waveguide studied here is
close to the practical scenario and, hence, is valid.

The loss figure is a key specification for an optical waveguide. It is well known that an accurate
loss number should be determined by the Fabry–Perot method [11]. Due to the limited facilities,
here, we only roughly evaluate the waveguide loss of the TM mode from the measured insertion
loss. At 1.5-�m wavelength, the fiber-to-fiber insertion losses of the 4-, 5-, 6-, 7-, and 8-�m-wide,
1.2-cm-long guides were measured to be 6.8, 6.9, 6.8, 7.2, and 7.6 dB, respectively, which are
higher than that of the aforementioned conventional waveguide: �5.0 dB. From the obtained
mode sizes, the coupling loss between the waveguide and a single-mode fiber (with a mode field
diameter of 10.3 �m) is 3.0, 3.1, 3.1, 3.2, and 3.4 dB, respectively, which are also higher than that
of the aforementioned conventional guide: �2.0 dB. With ignored etalon effect, the total reflection
loss of the two waveguide endfaces against the two fiber endfaces is 0.3 dB. The waveguide
losses are then determined to be �0.40, 0.38, 0.29, 0.36, and 0.32 dB/cm, respectively, which are
higher than the typical value of conventional guide: �0.2 dB/cm [10]. With optimized fabrication
parameters, the loss could be reduced to a lower level.

Fig. 5. Surface plot of 2-D Ti4þ-induced extraordinary index increment in the 6-�m-wide shallow strip
waveguide.
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In addition, it is also essential to pay attention to the situation of Li out-diffusion because no any Li
out-diffusion suppression measure has been taken during the Ti diffusion procedure, which was
carried out under the surrounding air. Here, the optical method of birefringence measurement was
used to quantitatively evaluate the Li2O-content at the surface of the sample studied. The no and ne
values at the undoped surface of the sample, where the material is clear LN, were measured using
a Metricon 2010 prism coupler with an error of 1� 10�3. The birefringence value, given from an
averaged result of the data measured at several different places of surface, is 0.0842, 0.0750,
and 0.0732 at the wavelengths of 633, 1311, and 1550 nm, respectively. From the reported Li2O
content dependence of the birefringence of LN [12], the Li2O content at the undoped surface is
evaluated as 48.5 � 0.1 mol%, which equals the nominal value of the as-grown material, indicating
that the Li out-diffusion was not serious at the undoped surface though the anneal was carried out
under the surrounding air. Obviously, we are more interested in the situation at the waveguide
surface. Due to Ti-doping effect on the refractive index, we are unable to characterize the Li2O
content at the waveguide surface in a similar way. Nevertheless, one can anticipate that the
situation at the waveguide surface should not have a large difference from that at the undoped
surface because the diffusion temperature is not high, and the duration is not long: only 4 h in total.

Finally, we give an outline of the potential applications for the peculiar waveguide studied in this
work. Besides the PhC application mentioned above, such waveguide may also find its use in other
fields such as the generation of Terahertz and far-infrared waves on the basis of the quasi-phase
matching concept of periodically poled LN waveguide [13]–[15], development of phase modulator or
electrooptically modulated long period waveguide grating device [16]. Of course, like the conven-
tional Ti-diffused strip waveguides, these shallow waveguides can be also used to develop various
active Ti:Er:LN devices including lasers, amplifiers and various nonlinear integrated optical devices
[17]–[21]. The nearly half shallower mode field distribution gives a hint that the profile of diffusion-
doped rare-earth ions can be nearly half shallower than the case of utilizing the conventional wave-
guide, and hence, the diffusion duration of the rare-earth ions, which is usually longer than 100 h in
the case of utilizing the conventional waveguide [17]–[21], could be shortened in a large scale.

4. Conclusion
We have demonstrated narrow and shallow Ti:LiNbO3 strip waveguides fabricated by two-step
Ti-diffusion processes with only 4 h diffusion time in total. The waveguides, well supporting single TM
mode at 1.5 �m and having a loss as low as 0.3 dB/cm, are nearly half shallower than the con-
ventional waveguide and have a TM mode field depth well satisfying the requirement by PhC
fabrication. Such waveguide is promising for developing PhC devices, as well as other active and
passive devices. In comparison with the conventional waveguide, the present shallow waveguide
have slight larger waveguide loss and coupling loss. Nevertheless, with optimized fabrication pa-
rameters, the loss figure could be reduced to a lower level. Moreover, the device fabrication period
could be shortened largely as the present shallow waveguide is employed. This is especially true for
the case of developing an active device.
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