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1 Introduction In integrated photonics, the optical 
waveguides are one of the basic components which can 
confine the light propagation and supply high optical  
intensity. So far, different techniques have been developed 
to produce optical waveguides, such as thermal ion in dif-
fusion [1], ion implantation/irradiation [2], ion exchange 
[3] and femtosecond (fs) laser micromachining [4]. As a 
unique technique which can provide high spatial resolution 
in three-dimensional (3D) micro-structuring, fs-laser mi-
cromachining has been used to fabricate optical wave-
guides in various transparent materials, including glasses, 
single crystals, ceramics, and polymers [5–17]. By tightly 
focusing the fs-laser beams into the bulk of the transparent 
material, the refractive index modification of a small vol-
ume can be induced. The performances of these wave-
guides depend not only on the properties of the material, 
but also on the parameters of the micromachining, such as 
the pulse duration and energy, the repetition rate, polariza-
tion, focal depth, or the scan speed [11–14]. There are sev-
eral types of fs-laser fabricated optical waveguides depend-
ing on the inscription strategy. In Type I waveguides, the 
fs-laser irradiated area exhibits a refractive index increase, 
whereas in Type II waveguides a severe damage track is 
produced in the material that leads to a refractive index de-

crease at the irradiated area [15] with a slight increase in 
the vicinity of the track. For the fabrication of these wave-
guides, two parallel laser scans are done (dual line) and the 
confining region appears between the two damage tracks 
due to the stress produced in the material. In addition, a 
depressed cladding waveguide can be fabricated by the fs-
laser inscription as well, whose guiding core is normally 
surrounded by a number of low-index tracks [15–17]. In a 
3D view, the cladding waveguides look like photonic tubes 
typically with circular cross-sectional shapes, and arbitrary 
diameters (typically from 30 μm to 200 μm). Since the cir-
cular-shape cross section with desired diameter can be de-
signed to fit well to that of an optical fibre, these cladding 
structures seem to be promising to realize the integration of 
fibre–waveguide photonic systems. 

Lithium tantalate (LiTaO3) is an excellent crystal for 
various nonlinear and electrooptic applications [18]. It has 
better enduring ability for photorefraction compared with 
the more commonly used LiNbO3, with an optical refrac-
tion threshold three times higher than the latter one [19, 
20]. This makes it having special applications in several 
fields, including nuclear physics, space physics and nuclear 
medicine. In early works, the LiTaO3 waveguides were 
fabricated by proton exchange [21], and guiding character-

By using femtosecond laser micromachining, optical wave
guides in both depressed cladding and dual-line configura-
tions have been produced in LiTaO3 crystal. The guiding
properties and the thermal stability have been investigated for
both geometries, which exhibit different performance. De-
pressed cladding waveguides support guidance along both ex-

 traordinary and ordinary index polarizations, while dual-line
waveguides support only extraordinary index polarization.
Thermal annealing has been proved to be an effective method
to reduce the propagation losses. For the cladding waveguide,
the lowest propagation loss was as low as 0.38 dB/cm after
the annealing treatment at 400 °C. 
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istic as well as the effect of annealing were investigated. 
Although fs-laser micromachining of LiTaO3 has been re-
alized [22], and the nonlinear optical properties have been 
investigated [23], the guiding properties of LiTaO3 wave-
guides have not been reported until now. 

In this work, we report on the fabrication of depressed 
cladding waveguides and dual-line (Type II) waveguides in 
LiTaO3 crystal produced by fs-laser micromachining. The 
optical guiding properties in terms of the light polarization 
and the thermal stability are also investigated. 

 
2 Experimental details The z-cut LiTaO3 crystal 

was cut into 15 × 10 × 1 mm3 pieces and optically polished. 
Four depressed cladding waveguides (WG1–WG4) and 
two Type II waveguides (WG5 and WG6) with dual-line 
structures were inscribed parallel to the 10 mm side 
boundary under the surface (15 × 10 mm2). A Ti:sapphire 
laser system was used to generate 120 fs pulses, linearly 
polarized at 800 nm and with a low repetition rate of 1 kHz. 
The sample was located on a 3D motorized stage and one 
20× microscope objective (N.A. = 0.40) was used to focus 
the laser at the depth of ~150 μm under the largest sample 
surface. The sample was scanned with different velocities 
(500 μm/s, 200 μm/s, 500 μm/s, 500 μm/s, 20 μm/s, and 
50 μm/s for WG1–WG6, respectively). A calibrated neu-
tral density filter, a half-wave plate and a linear polarizer 
were used to control the incident pulse energy that was set 
to 2.9 μJ for all the waveguides. The detailed fabrication 
procedure is explained elsewhere (see [15] for instance). 

A polarized microscope (Axio Imager, Carl Zeiss) was 
used to photograph the cross sections of the fabricated 
waveguides. The study of the near-field modal profiles was 
performed by utilizing a typical end-face arrangement. We 
used a pair of microscope objective lenses (25×) to couple 
a He–Ne laser (632.8 nm) into and out of the waveguides. 
Afterwards, the images were collected by a CCD camera, 
and analysed by the RayCi software. To calculate the 
propagation losses of the LiTaO3 waveguides, we meas-
ured the input and output light power of the waveguides, 
and estimated the coupling loss and the Fresnel reflection 
in the interface of the waveguide end face and the air.  
Finally, to calculate the index change, a cuboid glass was 
located at a rotary indexing table to measure the maximum 
angle difference. Afterwards, the sample was annealed  
by an open oven. The guiding properties and propagation 
losses were again measured after each annealing. In this 
work, we annealed twice, at 260 °C and 400 °C in se-
quence, both for 30 min. Here we labelled them as anneal-
ing treatments Step 1 and Step 2 separately. After Step 2, 
we used a 1064 nm laser to investigate the near-field mo-
dal distributions of the waveguides in the infrared regime. 

 
3 Results and discussion 
3.1 Waveguide configurations Figure 1 shows the 

images of the waveguides WG1–WG6. As one can see, the 
cladding waveguide cores were located in the regions sur-
rounded by parallel fs-laser inscribed tracks with the adja- 

 
Figure 1 Optical microscope images of the cross sections of the 
depressed cladding waveguides (WG1–WG4) and the dual-line 
waveguides (WG5 and WG6). 
 
cent separation of ~3 μm. The diameters of the four 
waveguides were ~30 μm, ~30 μm, ~50 μm and ~110 μm, 
respectively. The cores of the two dual-line waveguides 
were located in the regions between two parallel damage 
tracks with a separation of 20 μm. Pictures of the cross sec-
tions were taken after each annealing process. The struc-
ture of the waveguides had no obvious change after anneal-
ing, which showed that LiTaO3 waveguides had good 
thermal stability.  

 
3.2 Modal profiles The LiTaO3 sample was z-cut, 

which suggested that the TM modal distributions corre-
spond to polarization along the extraordinary index (ne), 
while the TE modal distributions correspond to the ordi-
nary index (no) polarization. Figure 2 (top) shows the near-
field modal distributions for the ne and no polarizations at 
632.8 nm. One can see that the cladding waveguides had 
similar modal profiles along the two polarizations. They 
presented multimode behaviour both in waveguides with 
small cross sections (WG1 and WG2) and in those with 
bigger ones (WG3 and WG4). After  annealing at  400 °C 

 

 
Figure 2 Measured near-field intensity distributions for the TM 
and TE modes of the cladding waveguides WG1–WG4 at 
632.8 nm (top), and at 1064 nm after 400 °C, 30 min annealing 
(bottom). 
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Figure 3 Measured near-field intensity distributions of the two 
dual-line waveguides WG5 and WG6 for TM polarization at 
1064 nm after 400 °C, 30 min annealing process. 
 
for 30 min, near-field modal profiles along both polariza-
tions were measured at 1064 nm. WG1 and WG2 turned 
into single-modes, and the number of modes in WG3 and 
WG4 was obviously reduced (Fig. 2, bottom). Such phe-
nomenon is quite accordant with the theory of guided-
wave optics. 

Before the annealing treatment, no guided light was 
observed for no or ne polarizations of the dual-line wave-
guides WG5 and WG6. After Step 1, though some light 
was guided for the ne polarization, its property for confin-
ing light was poor as some parasitic light appeared around 
the emergent light. After Step 2, single-mode profiles for 
ne polarization were achieved, as shown in Fig. 3, but we 
still could not figure out the modal profile for no polariza-
tion.  

 
3.3 Refractive index profiles We used the numeri-

cal aperture method [17] to estimate the refractive index 
contrasts between the edge and the core of the waveguides. 
We calculated the maximum acceptance angle θm. Then 
the maximum index contrast was calculated by 

2
msinΔ ,

2
n

n
θª  (1) 

where n is the original index of LiTaO3 crystal. We calcu-
lated the maximum refractive index contrast after each an-
nealing. For the waveguides WG1–WG4, the maximum re-
fractive-index changes at 632.8 nm for ne (TM) modes be-
fore annealing were 4.5 × 10–4, 4.2 × 10–4, 8.5 × 10–4, 
12.8 × 10–4, which were nearly equal to the index change 
for no modes: 4.6 × 10–4, 4.7 × 10–4, 8.4 × 10–4, 12.5 × 10–4, 
respectively. We observed that these values had a notable 
increase after Step 1, but Step 2 made them to drop back 
nearly to the initial values. For the dual-line waveguides 
WG5 and WG6, the data of maximum refractive-index 
contrast before Step 2 were 4.2 × 10–4 and 3.3 × 10–4 for ne 
polarization, yet these values dropped slightly after the an-
nealing at 400 °C. 

By using the data of ∆n, the 2D refractive index pro-
files could be reconstructed with the same technique intro-
duced in previous works [24, 25]. We simulated WG1 at 
1064 nm provided that it showed a good single-mode pro-
file, shown in Fig. 4(a). Afterwards, we simulated the light 
propagation in  the waveguide by using the computer soft 

 
Figure 4 (a) Reconstructed 2D refractive index profile and (b) 
calculated modal profile of the cladding waveguide WG1 for TM 
polarization at 1064 nm. The insert figure indicates the experi-
mental result. 
 
ware Rsoft based on the finite difference beam propagation 
method (FD-BPM) [24, 26]. Figure 4(b) shows the calcu-
lated modal profile of WG1. One can see that the calcu-
lated profile was in agreement with the experimental result, 
which proved that the reconstructed refractive index profile 
of the cladding waveguide was reasonable. 

 
3.4 Propagation losses The propagation losses of 

waveguides are listed in Table 1. For the circular cladding 
waveguides WG1–WG4, the propagation losses for ne po-
larization before annealing treatment were much higher 
than along the no polarization. These values had no signifi-
cant change after the annealing treatment Step 1, show- 
ing thermal stability of cladding waveguides at 260 °C. 
However, after annealing Step 2, the propagation losses of 
WG1–WG4 declined abruptly, as shown in Table 1. This 
effect may be because the annealing removes somehow the 
lattice defects induced during the inscription process, lead-
ing to an even larger decrease of the propagation losses. 

For the dual-line waveguides WG5 and WG6,  
the propagation losses (ne) of WG5 and WG6 were 
10.82 dB/cm and 16.58 dB/cm after Step 1. Step 2 made 
the propagation losses much lower, as the values of  
WG5 and WG6 dropping down to 10.03 dB/cm and 
10.08 dB/cm. 
 
Table 1 Propagation losses α of LiTaO3 waveguides WG1–WG6 
for ne and no polarizations at 632.8 nm before and after annealing 
treatments. 

propagation losses α (dB/cm) 

 ne/no before annealing Step 1 Step 2 

ne 12.14 12.10  2.08 WG1 
no  3.87  3.91  1.73 

WG2 ne 
no 

15.09 
 4.95 

15.16 
 5.00 

 2.77 
 2.41 

WG3 ne 
no 

 7.89 
 1.58 

 7.87 
 1.54 

 0.99 
 0.62 

WG4 ne 
no 

 2.62 
 0.70 

 2.65 
 0.72 

 0.38 
 0.49 

WG5 ne – 10.82 10.03 
WG6 ne – 16.58 10.08 
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From Table 1, we could clearly see that the fabrication 
parameters had some influences on the properties of wave-
guides. The three cladding waveguides WG1, WG3 and 
WG4, which were fabricated at the same scanning velocity 
but with different diameters (D1 < D3 < D4), exhibit differ-
ent propagation losses α (α1 > α3 > α4). This means that the 
propagation losses decrease by enlarging the radius of the 
circular cross section. 

WG1 and WG2 had the same diameter but different 
scanning velocities were used during their fabrication 
(500 μm/s and 200 μm/s, respectively). Our measurements 
showed that WG1 had lower losses than WG2. In this work, 
the repetition rate of the laser was 1 kHz, which meant that 
the time between pulses was long enough so that the ther-
mal diffusion had carried the laser-induced heat away from 
the focus before the next pulse arrives and the ensuing 
pulses act independently of one another. Thus, the larger 
losses measured at WG2 cannot be attributed to a stronger 
damage produced at the waveguide, but to a higher density 
of defects due to a larger spatial overlap between consecu-
tive pulses. However, the dual-line waveguides WG5 and 
WG6, with the same separation between the damage tracks 
(20 μm), showed the opposite correlation: as the scan  
velocity gets faster (V5 = 20 μm/s, V6 = 50 μm/s), the prop-
agation loss becomes higher (α5 < α6). In this case, we 
think that smaller velocities increase the magnitude of the 
stress field created in the material (larger spatial overlap), 
leading to a larger magnitude of the refractive index 
change. 

In the studies presented in this work, the propagation 
losses and the refractive-index contrast decreased for the 
Step 2 annealing process. In general, one would expect that 
a waveguide with larger refractive-index contrast should 
confine the light better and have lower propagation losses, 
but in our case, the presence of defects (that induce scatter-
ing or absorption) changes this behaviour. 

 
4 Conclusion We report on the fabrication of clad-

ding and dual-line waveguides in LiTaO3 crystal by  
fs-laser micromachining. Cladding waveguides present 
good guiding properties both for the no and ne polarizations 
at 632.8 nm and 1064 nm. Dual-line waveguides exhibit 
worst performance: they confine the ne polarized light only 
after proper thermal annealing (400 °C). This thermal 
treatment has positive effects for both cladding and  
dual-line waveguides. In particular, the propagation losses 
of cladding waveguides decrease to a value as low as 
~0.38 dB/cm at 632.8 nm. Our research indicates the prom-
ising applications of fs-laser micromachining LiTaO3 
waveguides in integrated optics. 
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