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Optical waveguides are fabricated in Nd*T:Y3":SrFy crystals by a 1-kHz femtosecond laser using the
double-line approach. Waveguides with different separations (10, 15, and 20 ym) between two consecutive
optical breakdown tracks are produced, and their optical performances are explored by end-fire coupling to
780-and 532-nm lasers. Propagation loss of the waveguide with 20-um separation is estimated. The micro-
photoluminescence and micro-Raman spectra indicate that the original fluorescence and lattice structure
of the Nd**:Y3+:SrFy crystals are well preserved in the waveguide. Therefore, the obtained waveguide
structures are promising candidate for application in integrated waveguide lasers.
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As a basic component of integrated photonics, optical
waveguides provide a foundation for building-up rela-
tively low lasing thresholds and high-efficiency waveguide
laser systems!!=4. These waveguides also present the
possibility of integrating various devices on a single chi

to achieve multifunctional photonic applications!®=7.
Several techniques for waveguide fabrication, such as
ion exchangel®, ion implantation(®!, diffusion of metal
ions('% laser inscription?! and femtosecond laser-
inscription/!'=13! have been developed. Among these
techniques, femtosecond laser inscription has emerged
as a highly efficient method for waveguide fabrication
in transparent materials, such as optical crystals!'415],
ceramics!'®'7 and glasses'®19). Tt is also attractive for
its strong three-dimensional (3D) ability to achieve more
complicated structures.

Femtosecond laser-inscribed optical waveguides usually
have four structures: directly written waveguides (type
1)[20:21 " stress-induced waveguides (type IT)121=23] de-
pressed cladding waveguides (type IIT)[1624 and ablated
ridge waveguides (type IV)[?].  Stress-induced waveg-
uides (type II) are one of the most mature and commonly
used waveguide structures. Most of these waveguides
are constructed via a “double-line” approach. During
laser fabrication, micro-explosions take place at the focal
point of the laser pulse, leading to volume expansion
in the optical breakdown tracks and residual stress in
the surrounding regions. Thus, a permanent change in
refraction index is induced in the guiding region between
the two parallel tracks. By total internal reflection, light
can be confined and propagated in the guiding region.

Because of the long radiative lifetime of Nd3* in the
iF, /2 state, relatively low pump thresholds, and fewer
constraining temperature effects, Nd3* doped oxides
and fluoride crystals are considered promising laser host
media for producing wavelengths of around 1 um. Be-
sides the widely used Nd3T:YAG, Nd3* doped fluoride
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crystals (Nd3T:CaFy, Nd3*:SrFy, and Nd3*:BaF5) have
attracted significant attention for their considerable ad-
vantages, which include long emission time, broad ab-
sorption/emission spectrum, and capacity to grow to
large sizes with high optical quality$-27). Nd3+:SrF,
crystals are very interesting materials for diode pumped
solid-state lasers and laser amplifiers?”28.  Unlike in

Nd3+:CaF[227], the concentration quenching effect in
Nd?+:SrF, is much weaker because the crystals show
low levels of aggregation and the pair rhombic site (INd-
F)y features large ion to ion distances(?. Nd3+:y3+
codoped SrF3 has been considered a potential laser ma-
terial since it is reported that codoping Y3T “buffer”
ions in Nd?+ doped fluoride crystals can dramatically
increase photoluminescence efficiency by depressing ag-
gregation, thereby broadening the absorption band and
lengthening the emission lifetimel27-3%),

In this letter, we report the fabrication of channel
waveguides in Nd3T:Y3+:SrF, crystals using femtosec-
ond laser inscription under a double-line approach. The
optical performances of waveguides with different sepa-
rations (10, 15, and 20 pm) are demonstrated, and the
propagation loss («) of the waveguide with 20-um sepa-
ration is estimated. The micro-fluorescence and micro-
Raman spectra of the waveguides are also investigated.

The Nd?>T:Y3+:SrFy (doped with 5% Nd3* and 10%
Y3T) crystal used in this work was cut to dimensions
of 10x10x2 (mm), and its four faces were polished up
to optical quality. The channel waveguides were fabri-
cated with a double-line configuration using an amplified
Ti: sapphire laser system generating linearly polarized
laser pulses centered at 800 nm with an 80-fs pulse
width and a 1-kHz repetition rate. The laser beam,
propagating along the c¢ axis of the Nd3T:Y3T:SrF,
crystal, was focused into the sample approximately
150 pm below the surface with a 50x microscope ob-
jective (NA=0.8). The sample was fixed on a 3D
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Fig. 1. Schematic diagram of the waveguide fabrication ex-
periment setup.

motorized stage with a spatial resolution of 0.2 ym and
translated perpendicular to the laser beam with a speed
of 100 pm/s to inscribe tracks under a pulse energy
of 1 uJ. Under these conditions, three groups of dou-
ble tracks with separations of 10, 15, and 20 pum were
written. Waveguides were formed in the region between
the double tracks by stress-induced refractive index (n)
changes. A schematic diagram of the experimental setup
for waveguide fabrication is shown in Fig. 1.

An end-face coupling system was utilized to investigate
the optical properties of the waveguides. Laser beams
with wavelengths of 780 and 532 nm were coupled to
the channel waveguides by a 10x microscope objective
(N.A.=0.90) to excite the guide modes. Light from the
output facet of the sample was collected using a 10x
microscope objective (N.A.=0.90), and the output facet
was imaged onto a CCD camera. The « of the waveguide
was also measured by a similar end-fire coupling system
with a 632.8-nm He-Ne laser. Micro-photoluminescence
and micro-Raman spectra were obtained using a Raman
spectrometer (Jobin Yvon T64000) equipped with a con-
focal microscope (IX81, Olympus), a 532-nm CW solid
state laser, and a 100X microscope objective (NA=0.95).

Microscopic images of the top view of the waveguide
structures with 10-, 15-, and 20-pm separations obtained
in this experiment are presented in Fig. 2(a). The waveg-
uide region is located between the double tracks and
pointed out by the arrow in the images. To obtain
smooth laser-induced tracks and achieve good optical
performance from the guiding structures, fabrication pa-
rameters were optimized. Fig. 2(b) shows microscopic
images of the end faces of the waveguides. The dark lines
correspond to the laser-induced damage tracks, and the
regions between the tracks schematically marked by the
dashed circles indicate the guiding regions.

To test the optical performances of the waveguides
shown in Fig. 2, two laser beams with different wave-
lengths (780 and 532 nm) were focused on the waveguides
using a homebuilt end-face coupling system. Field dis-
tributions of the guided TM modes in waveguides with
different separations are presented in Fig. 3. The 780-
and 532-nm lasers were both guided between the double
tracks. The waveguide with 10-pym separation shows no
confinement for the 780-nm laser beam, which may in-
dicate that the coupling efficiency of the waveguides
in this experiment is better for lasers with shorter-
wavelength than for those with longer-wavelength.
As the intensity of the input laser beam is equal
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Fig. 2. Optical micrographs of the (a) top views and (b) end
faces of the waveguides fabricated with double-line separa-
tions of 10, 15, and 20 pm.
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Fig. 3. Output TM laser mode profiles of the (a, d) 10-, (b,
e) 15-, and (c, f) 20-um waveguides coupled to (a)—(c) 780-
and (d)—(f) 532-nm lasers. The location of the damage tracks
is systematically indicated by yellow dashed lines.

for all of the waveguides, the o obviously decreases as the
track separation increases from 10 to 20 pm.

The « of the waveguides were measured by end-fire
coupling 632.8-nm laser beams with equal laser power
to waveguides of different lengths!®!) and measuring the
transmitted power of every single waveguide. In this ex-
periment, we began measurement with a relatively long
waveguide sample. The sample was then shortened by
cutting and polishing into three different lengths. The «
was calculated from the following equation:

o In (P1 — PQ)

for Z. Z 1
Z2_Z1 , Ior Zo > 4, ()

where P; and P, are the transmitted powers of waveg-
uides with two different lengths Z; and Zs, respectively.
The average value was obtained as the final c. Using this
method, the a of the waveguide with a separation of 20
pm may be estimated to be ~3.2 dB/cm in TM mode
and ~3.8 dB/cm in TE mode at 632.8 nm.

Compared with type II waveguides fabricated in
other optical crystals, such as BGO (~4.2 dB/cm)PB?,
Ybh:KYW (~3.9 dB/cm)3], BiB30g(~5 dB/cm)4 and
YLiF4(~4 dB/cm)l the o of our waveguide in the
Nd?+:Y3+:SrF, system is acceptable. Since waveguide
lasers are built with several waveguides fabricated in
Nd?**t doped crystals with relatively high , for instance,
Nd:YAG (~3.8 dB/cm)P), Nd:GGG (~4.5 dB/cm)?5),
and Nd:LGS (~5.6 dB/cm)i?¥, the waveguide in the
Nd3+:Y3+:SrFy system can be considered a promising
candidate for developing waveguide lasers.
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The change in n (An) in the waveguide can be roughly
estimated using the formulal'!l:

An = sin® ©,,/2n, (2)

where n is the refractive index of the unstructured sam-
ple and ©,, is the maximum beam divergence of entering
or leaving the waveguide. In our system, the n of the
sample is about 1.43, which is approximately equal to
that of the Nd3+t:SrF, system!?”]. The ©,, of the waveg-
uide with 20-pm separation is around 2° with an error of
30%. Thus, the An in the core region of 20-um waveg-
uide is in the order of An ~ 8 x 1074

As a potential candidate for solid-state lasers, the
spectroscopic properties of the Nd3+:Y3+:SrF, waveg-
uide were analyzed in detail. Figure 4 shows the micro-
photoluminescence spectra of the guiding region, the
damage track, and the unmodified (bulk) region in
the Nd3t:Y3%:SrFy system with two emission bands
at 840-900 and 1010-1075 nm, which correspond to
the “F5/o —*Fg/5 and *F5/5 —*1;; ptransitions, respec-
tively. In general, Nd3* ions in the Nd?+:Y3*:SrFy sys-
tem show good photoluminescence efficiencies even with
a high doping concentration of 5%. This finding indicates
that Y3+ buffer ions reduce the concentration quench-
ing effect in Nd*t doped fluoride crystals efficiently[3°.
Moreover, the emission band at 1010-1075 nm has three
obvious peaks at 1037, 1046, and 1 052 nm, respectively.

Two luminescence centers, known as the L and M cen-
ters, are identified in the Nd3+ doped SrFy system![*7.
The tetragonal L-centers have emission peaks at 1037,
1046, and 1052 nm with long emission lifetimes, whereas
the clustered M-centers have emission peaks at 1046 and
1060 nm with shorter emission lifetimes®”. The signals
in Fig. 4 indicate that tetragonal L-center fluorescence
dominates the Nd3t:Y3%:SrFy system, which is quite
interesting for a heavily doped Nd3* fluoride system.
This phenomenon can be attributed to the codoping of
Y3+ buffer ions, which can transform weakly lumines-
cent [Nd3+-Nd3*] clusters into more intense [Nd3+-Y3+]

active centersl®®. In addition, the emission spectrum of
the Nd3t:Y3+:SrF, system contains four narrow peaks
located at 859, 865, 1046, and 1052 nm, respectively,
thereby presenting the possibility of lasing at different
wavelengths.

The micro-photoluminescence spectra of the guiding
and bulk regions of the Nd3*:Y3+:SrFy system are sub-
stantially similar, which indicates that the original fluo-
rescence property of the Nd3t:Y3+:SrFy system is well
preserved in the waveguide, a property that is very im-
portant for a candidate of waveguide laser. The drop
in photoluminescence intensity in the damage track may
result from defects in the Nd3T:Y3:SrF, crystal caused
by the inscription process!??/. During laser fabrication,
the material at the focal point melts under high temper-
ature; as soon as this material cools, it recrystallizes and
induces a large number of defects in the lattice structure,
which leads to poor photoluminescence efficiency*!.

The micro-Raman spectra of the guiding region,
damage track, and bulk region were obtained to ana-
lyze the lattice vibration mode of the Nd3T:Y3+:SrF,
system. Figure 5 shows that only the spectrum in-
tensity of the damage track presents a significant
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Fig. 4. Micro-photoluminescence spectra corresponding to
4F3/2 —>4Fg/2 and 4F3/2 —>4111/2 transitions obtained from
the unmodified Nd*T:Y3":SrF, area (bulk), the damage
track, and the guiding region at room temperature.
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Fig. 5. Micro-Raman spectra obtained from the unmodified
Nd3*:Y3*:SrF, area (bulk), the damage track, and the guid-
ing region.

drop, which may be attributed to defects in the
Nd3+:Y3+:SrFy crystal, as described in our micro-
photoluminescence spectrum analysis. This finding in-
dicates that the guiding region substantially retains the
lattice structure and Raman efficiency of the bulk region
of the Nd3+:Y3+:SrFy system.

Interestingly, Raman modes in the damaged track and
guiding area show a slight blue shift when compared
with that of the bulk region. This blue shift proves the
existence of stress generated by the laser inscription pro-
cess in the damaged tracks and surrounding areas. The
Raman mode may shift to higher vibration energies upon
application of compressive stress!?2). Therefore, the blue
shift of Raman modes in the damage track and guiding
region could be attributed to local compression stresses
of the Nd3+:Y3*:SrFy network. For the local stress to
decreases as the distance from the damage track in-
creases, the vibration energy of the Raman mode in the
guiding region must be lower than that in the damage
track. In fact, the blue shift in the guiding region (about
0.3 cm™1) is fairly minimal that the residual stress may
be considered to have little impact on the lattice struc-
ture in the guiding region. A similar phenomenon has
been observed in waveguides written in the Nd3T:YVOy,
systemm].

In conclusion, buried waveguides have been fabricated
in Nd3*:Y3+:SrF, crystals by the double-line approach
using the femtosecond laser inscription method. The
obtained waveguides show good light confinement and
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relatively low « at a separation of 20 ym (~3.2 dB/cm
in TM mode and ~3.8 dB/cm in TE mode at 632.8 nm).
The micro-photoluminescence and micro-Raman spec-
tra of the guiding and bulk regions have been explored,
and similar spectra indicate that both the fluorescence
properties and lattice structure of the Nd3T:Y3+:SrF,
system are well preserved in the guiding region. Thus,
femtosecond laser-written waveguides in Nd3+:Y3+:SrF,
are potential candidate for the development of integrated
waveguide lasers.

This work was supported by the National Natural Sci-
ence Foundation of China (Nos. 11004060, 11027403,
51132004, 61178056, and 91222112).
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