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Channel (ridge) waveguides are produced in bulk 4.5 at.% Yb3*:CaF, crystals by “deep” diamond saw dicing.
They possess a rectangular profile with high aspect ratio (a width of 10-50 pm and a depth of 200 pm) and
good verticality. The r.m.s. surface roughness of the diced side walls is only 0.5 nm. The waveguide propagation
losses are as low as 0.13 = 0.05 dB/cm at ~1 pm (for the 40 ym wide waveguide and TM-polarization) and they
slightly increase for narrower structures. A continuous-wave Yb®*:CaF, waveguide laser generated a maximum

output power of 723 mW at 1029-1051 nm with a slope efficiency 7 of 76.0% (vs. the absorbed pump power),
a laser threshold of 165 mW, and slightly multimode laser output (M?, = 1.05, sz = 1.3). The waveguides ex-
hibited lower propagation losses and better laser performance for TM polarized pump (as compared to TE polar-
ized one). The laser emission was partially polarized. The waveguide laser allowed for continuous wavelength
tuning between 1009 and 1072 nm (tuning range: 63 nm). The developed waveguides are promising for compact
and integrated mode-locked sources at ~1 pm.

1. Introduction

In integrated optics, dicing is a process by which a die (a functional
block of material) is separated from the wafer. One of the most com-
mon ways of dicing is mechanical sawing using a machine called a dic-
ing saw. Such a machine uses a high rotation speed extremely thin dia-
mond blade and produces cuts with high surface quality and well-con-
trolled geometry. This technology was mainly applied to semiconductor
wafers (e.g., Si or GaAs). In the recent years, there is a raising interest for
application of this technology to micro-structuring of optical materials.
One attractive application here is the fabrication of optical waveguides
(WGs) [1,2]. The advantages of diamond saw dicing for waveguide fab-
rication are the following: (i) well-controlled geometrical shape with
pum-scale precision [1], (ii) small surface roughness of cuts [3] and, thus,
low scattering losses and high optical quality of the surfaces [4], (iii) the
availability of commercially available dicing saws and (iv) the variety of
suitable materials such as thin films [5], polymers [6], glasses [7] and
single-crystals [1,2].
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By diamond saw dicing of laser-active materials, one can produce
active WGs for laser emission [8-12]. Such WGs having a well-defined
transverse geometrical profile are classified as surface channel (ridge)
ones. Surface WGs are of interest for bio- and environmental sensing ap-
plications as the intracavity mode can interact with the surrounding ma-
terial (e.g., gas, liquid or deposited film) via evanescent-field coupling
[13,14].

So far, laser-active surface WGs were produced by diamond-saw dic-
ing in different materials. The general feature of these studied is that
before the dicing, a waveguiding layer of material was formed (e.g.,
by liquid phase epitaxy (LPE) [10], pulsed laser deposition (PLD) [9],
swift heavy ion irradiation [8], ion in-diffusion [11] etc.), so that the
dicing was used to change the laser geometry from planar to chan-
nel waveguide one. Waeselmann et al. patterned Nd3*:a-Al,05 (sap-
phire) thin films deposited by PLD; the channel waveguide laser with
a cross-section of 41(x) X 2.6(y) ym? generated 322 mW at ~1.09 ym
with a slope efficiency of ~12% corresponding to relatively high prop-
agation losses of ~6 dB/cm [9]. Recently, Loiko et al. fabricated square
30(x) x 30(y) pm? waveguides in Tm®*:LiYF4 LPE films yielding much
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better power transfer characteristics (an output power of 1.30 W at
1.88 um with a slope efficiency of 80%) and lower propagation losses
(0.28 dB/cm) [10].

Another approach is to apply dicing to microstructuring of bulk
crystals with a goal of fabricating surface WGs with high aspect ra-
tios (depth/width, or y/x). This approach was referred as deep diamond
saw dicing resulting in nearly inverted planar waveguide geometry. It
was first applied to surface micro-structuring of bulk nonlinear crystals:
Courjal et al. fabricated ridges in LiNbO3 with high aspect ratios up to
y/x = 500 (1(x) x 500(y) um?), good side-wall verticality and propa-
gation losses down to 0.5 dB/cm (for a 6(x) x 35(y) pm? waveguide)
[1]. Very recently, we applied this approach to bulk laser crystals us-
ing Tm3":LiYF, as a reference material [15]. Despite the relatively low
propagation losses (0.1-0.4 dB/cm, depending on the aspect ratio), the
laser performance of such WGs was affected by thermal effects (the laser
operated in quasi-continuous-wave regime). Moreover, the localization
of the laser mode was not fully clarified.

Among the laser host materials suitable for power-scalable applica-
tions, cubic calcium fluoride (CaF,) is attracting a lot of attention [16].
From the point of view of thermo-mechanical properties, it provides
high thermal conductivity (~9.7 W m K1) [17], isotropic thermal ex-
pansion and weak and negative thermal lensing [16]. CaF; can be eas-
ily doped with rare-earth ions such as trivalent ytterbium (Yb3*) and it
features strong ion clustering already at low doping levels (>0.1 at.%)
leading to significant inhomogeneous broadening of spectral bands (a
glassy-like behavior) [18]. The latter is attractive for broadband wave-
length tuning [19,20] and especially generation [21] and amplifica-
tion [22] of ultrashort pulses, including high-power laser facilities [23].
Thus, Yb®*:CaF, crystals appear as excellent candidates for power-scal-
able waveguide lasers.

In the present work, we aimed to demonstrate first deep diamond
saw diced active WGs in bulk Yb3":CaF, exhibiting highly-efficient and
wavelength-tunable laser emission.

To date, there are very few reports on ytterbium calcium fluoride
WGs. Petit et al. reported on fabrication of planar and ridge WGs in bulk
Yb3*:CaF, by HY ion implantation without laser action [24]. Ren et
al. fabricated buried channel WGs in bulk Yb®* ,Na*:CaF, by ultrafast
laser inscription (ULI) and achieved 174 mW at ~1.01 pm with an opti-
cal-to-optical efficiency of 45.3% [25]. Molecular beam epitaxy (MBE)
[26] and LPE [27] growth of Yb3+—d0ped CaF, films was reported and
laser operation in planar waveguide geometry was achieved: Loiko et
al. obtained 114 mW at 1.04 nm with a slope efficiency of 12.9% [28].
However, these studies have not fully exploited the power scaling ca-
pabilities of calcium fluoride and intrinsically high slope efficiencies of
Yb3+ laser scheme based on resonant pumping.

2. Fabrication and characterization of waveguides
2.1. Crystal growth

As a laser gain material, we used bulk ytterbium-doped calcium fluo-
ride (Yb3*:CaF,) crystal. The 4.5 at.% Yb>*:CaF, crystal (in the crystal,
Yb3+ ion density: Ny, = 11.03 x 10%° cm~3) was grown using a con-
ventional Bridgman technique with a homemade furnace. A mixture of
high purity (4 N) CaF, and YbF3 powders was introduced into a graphite
crucible. A good vacuum (< 1075 mbar) was realized before refilling the
growth chamber with a mixture of Ar and CF,4 gases to avoid the for-
mation of oxyfluoride phase. The furnace temperature was set to about
50 K higher than the melting point of CaF,. After soaking, the charge
was thoroughly melted, and the crystal growth was carried out with a
rate of 2-4 mm/h. When the growth was completed, the crystal was
cooled down to room temperature (RT, 293 K) within 48 h.

Optical Materials xxx (XXXX) XXX-XXX

2.2. Deep diamond saw dicing

For diamond saw dicing, a rectangular sample was cut from the
Yb3*:CaF, crystal. It was oriented for light propagation along the [111]
crystallographic direction employing a Laue diffractometer. The sample
thickness t was 6.0 mm. The input and output surfaces, as well as the
top surface of the sample were polished to laser quality with good par-
allelism. They remained uncoated.

The top surface of the sample was subjected to precision diamond
saw dicing. For processing calcium fluoride, we developed a specific
process to ensure good surface quality and minimize the stresses by re-
ducing revolution speeds of the blades and diamond sizes. These para-
meters were optimized in a set of test experiments to avoid edge chip-
ping. We have also developed a calibration process to control the ridge
geometry and thickness. The selected dicing parameters ensured gentle
polishing of the ridge side walls leading to their small roughness. The
dicing depth was 200 pm and the ridges with the widths of 10-50 pm
(with a step of 10 pm) were produced, resulting in the aspect ratios y/x
in the range 4-20. The ridges were separated by a distance of 500 pm.
No additional polishing was applied to the input and output facets of the
sample.

2.3. Confocal microscopy

The geometry and surface morphology of the fabricated WGs were
studied using a confocal laser microscope (Sensofar S-neox) equipped
with a set of microscope objectives (10 X , 20 x and 100 X ) and
a blue light-emitting diode (LED, A = 405 nm). It operated in the
bright-field regime and reflection mode.

First, we observed one of the end-facets with different magnifica-
tions, Fig. 1(a-d). In Fig. 1(a), one can see several ridges of different
width (10, 20 and 30 pm), as well as part of the top sample surface
which remained undiced. There are no cracks propagating in the bulk
crystal volume (the dark lines are due to small surface imperfections
originating from the polishing process; they are highlighted because of
the reflection mode of observation which is very sensitive to the surface
quality). In Fig. 1(b), one ridge with an intermediate width (30 pm) is
shown. One can see that there is no chipping of the end-facet which
may appear when the revolution speed of the blade is too high. In Fig.
1(c), we observed the upper part of the same ridge having almost per-
fect rectangular profile with vertical side walls. However, in the bottom
part of the waveguide, Fig. 1(d), a certain rounding is observed. It is
slightly asymmetric at two opposite side walls. This shape is typical for
diamond saw dicing, as the blade quality slowly decreases with time
resulting in rounded bottom. No pm-range dicing debris are observed
(some sub-pm-sized particles are visualized as bright points in Fig. 1(c
and d)).

Furthermore, we observed the top surface of the sample near one of
the end-facets, see Fig. 1(d). The WGs have a straight geometry with
no cracks nor chipping along all their length. The ridges propagated
through the entire length of the sample. A close view on one of the WGs
is shown in Fig. 1(e). When observing the sample from the top, the rec-
tangular ridge geometry is well confirmed.

To conclude about the roughness of different surfaces of fabricated
ridges, we employed the confocal mode. For this, the ridge with a width
of 40 pm was used. First, we looked at the top surface of the ridge, Fig.
2(a). Its quality is determined by polishing prior to the dicing process.
The root mean square (r.m.s.) roughness of this surface in the longitudi-
nal direction (along the waveguide) is 1.2 nm, Fig. 3(a).

Then, we observed one of the side walls (its surface quality is de-
termined by soft polishing during the dicing process), Fig. 2(b). The
corresponding r.m.s. roughness along the waveguide is even further de-
creased with respect to the top surface, down to 0.5 nm, Fig. 3(b). This
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Fig. 1. Confocal laser microscopy study of deep-diced ridge waveguides in bulk 4.5 at.% Yb3*:CaFy: (a—d) end-facet view, microscope objective: (a) 10 X , (b) 20 X , (c,d) 100 X , (e,f)

top view, microscope objective: (e) 10 x , (f) 100 x . Bright field, reflection mode, 2 = 405 nm.

indicates the role of dicing in maintaining the good quality of the side
walls which is relevant for reducing the waveguide propagation losses.
Another possibility to observe the same surface is along the vertical di-
rection. Within upper 3/4 (150 pm) of the ridge height, very good ver-
ticality is preserved, as the maximum deviation does not exceed 15 nm,
Fig. 3(c). In the lower part (1/4) of the ridge, the above mentioned
rounding appears.

We have also observed the diced (bottom) area between two adja-
cent WGs, Fig. 2(c). It has a characteristic lined morphology with the
direction of lines being parallel to the dicing direction. While the r.m.s.
surface roughness studied across these lines, Fig. 3(d), is increased to
40 nm, it is still relatively low. Note that the guided light does not inter-
act with this surface.

Finally, we have observed one of the end-facets of the waveguide,
Fig. 2(d). Its quality is again determined by pre-polishing before the dic-
ing process. The corresponding roughness plot is shown in Fig. 3(e) cor-
responding to a r.m.s. devitation of 4.5 nm. In addition, a certain round-
ing (variation of roughness up to 20 nm) was observed near the top sur-
face of the ridge and it originates from the polishing of the bulk crystal.
As expected, Fig. 2(d) also reveals the above mentioned asymmetry of
the waveguide base which is characteristic of the dicing process.

2.4. Waveguiding properties

For studying the waveguiding properties and optical losses of the fab-
ricated WGs, we used a CW Ti:Sapphire laser (3900 S, Spectra Physics)
emitting in the fundamental mode (TEMgy, M? ~ 1) with a linear polar-
ization. Its output was coupled into the WGs using a spherical uncoated
CaF; lens (focal length, f = 40 mm) resulting in a pump spot 2wp of
27 * 5 pm. The transmitted light was collimated using another spheri-
cal CaF; lens (f = 15 mm) and the profile of the guided mode at the out-
put facet was captured using a CCD camera (BladeCam-XHR, DataRay
Inc.). The scale calibration was performed by illuminating the WGs with
known dimensions using a near-IR light source (LED) placed before the
focusing lens.

The near-field profiles of the guided pump modes at the wavelength
of A, = 979.5 nm are shown in Fig. 4. This study was performed for
the vertical laser polarization. The coupled light is well confined within
the ridges with almost negligible leakage into the bulk crystal volume.
The pump mode is clearly multimode for all the WGs: for the 50 pm
wide ridge, it is TMy3 and for the 10 um one, it is TMy;. There is a
small asymmetry of the mode in the bottom part of the waveguide
which matches the rounding revealed using the confocal microscopy.
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Fig. 2. Morphology of different surfaces of the Yb3*:CaF, crystal sample containing deep-diced ridge WGs studied with a confocal microscope in the interferometric mode: (a) top surface
of the guide (pre-polished); (b) one of the waveguide side walls (diced); (c) diced area between two adjacent guides; (d) input facet (pre-polished). WG width: 40 pm.

For the performed experiment, the Rayleigh length for the laser beam
in the crystal zg = (wp?n)/(4,M?) is 0.84 mm, so that in the conditions
of free propagation, the beam diameter at the output facet of the sam-
ple would be 2w ~200 pm (along the vertical direction), i.e., filling the
whole volume of the ridge.

To study the waveguide propagation losses, the Ti:Sapphire laser was
tuned out of the main absorption peak of Yb%* ions, to Ap = 912.0 nm.
The intensity of the scattered pump along the waveguide was observed
from its top surface using a CCD-camera and a microscope objective, as
shown in Fig. 5. The experiments were performed for two pump polar-
izations, vertical and horizontal. The incident power was set to be very
low (<5 mW) to avoid absorption saturation, i.e., the experiment was
performed in the small-signal regime. The on-axis intensity of the pump
radiation was fitted using the formula I(z) = Iy X exp(-5i2), where I is
the intensity near the input facet of the waveguide, St = @aps + Sloss 1S
the total loss coefficient, aups = 6% apsNyp = 1.07 ecm™! is the small-sig-
nal absorption coefficient at the pump wavelength, where
Faps = 0.97 x 10721 cm?, 8y is the coefficient of passive losses and z
is the axial coordinate. The best-fits are shown in Fig. 5 and the ob-
tained 6,55 values expressed in dB/cm are summarized in Table 1.

The propagation losses tend to increase for narrower WGs for both
laser polarizations, e.g., from 0.17 dB/cm for 50 pm wide waveguide
up to 0.52 dB/cm for the 10 pm wide one (for the vertical polariza-
tion). We assign this to two reasons: (i) stronger mode overlap with the
side walls for smaller WGs and (ii) higher surface roughness and worse

parallelism for the side walls of the smaller WGs. The latter effect
can originate from stronger vibrations of the blade which is in con-
tact with smaller volume of the material. Second, the propagation losses
are almost two times higher for horizontally polarized light, e.g.,
Sloss = 0.34 dB/cm for the 50 ym wide waveguide and 0.91 dB/cm for
the 10 um one. Note that cubic calcium fluoride is an optically isotropic
material. The observed polarization anisotropy of scattering losses for
guided light may originate from the dicing process itself as it creates
slightly asymmetric ridge profile.

The pump coupling efficiency #coupt = Peoupl/Pinc Was determined in
a separate set of experiments at 892.0 nm (out of the Yb3* absorption)
by monitoring the power at the output facet of the waveguide. As ex-
pected from the geometrical overlap of the pump beam and the wave-
guide cross-section, coup decreased for smaller widths of the WGs, from
77.9% for the 50 pm wide waveguide down to 43.0% for the 10 pm wide
one. Note that these values include Fresnel loss at the uncoated input
facet of the ridge (Tr, = 96.1%, calculated using the refractive index
n = 1.4927 [29]).

3. Laser operation
3.1. Laser set-up

The scheme of the laser set-up is shown in Fig. 6(a). The Yb3+:CaF,
crystalline sample with the diced WGs was mounted on a pas-
sively-cooled Cu-holder using a silver paint to improve the heat dissi-
pation. The sample was placed in a linear plano-plano cavity formed
by a flat
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Fig. 3. Roughness profiles for different surfaces of the Yb®*:CaF; crystal sample containing deep-diced surface WGs: (a) top surface of the guide, observed along the dicing direction
(pre-polished); (b,c) one of the waveguide side walls (diced): (b) observed along the dicing direction, (c) observed in the transverse direction; (d) diced area between two adjacent guides,
observed in the transverse direction (diced); (e) input facet of the guide, observed in the vertical direction (pre-polished). WG width: 40 pm, r.m.s. — root mean square value.

pump mirror (PM) coated for high transmission (HT, T > 97%) at
0.88-0.99 pm and for high reflection (HR, R > 99.9%) at 1.02-1.20 pm,
and a set of flat output couplers (OCs) having a transmission in the
range of 2%-50% (*0.5%) at 1.0-1.1 pm. Both the PM and the OCs
were placed close to the sample end-facets with minimum air gaps; no
index-matching liquid was used to avoid the optical damage. The geo-
metrical cavity length was ~6.0 mm.

As a pump source, we employed the CW Ti:Sapphire laser deliver-
ing up to ~2.0 W at 979.5 nm corresponding to the fundamental mode
(M2 ~ 1) and linear laser polarization. The incident pump power was
varied by a rotatable half-wave plate and a Glan-Taylor polarizer set-
ting the pump polarization to be vertical or horizontal. The pump was
focused into the WGs using a spherical uncoated CaF, lens (f = 40 mm,
T = 93.9% at ~0.98 pm) through the PM. The measured pump spot
size in the focus 2wp was 27 * 5 pm. The pumping was in a sin-
gle-pass. The pump beam was focused near the top of the ridge wave-
guides. The pump absorption at the threshold pump power was deter-
mined from pump-transmission measurements under non-lasing condi-
tions. The laser output was collimated using another spherical CaF, lens
(f = 15 mm). The residual pump was filtered out using a cut-off fil-
ter (FEL1000, Thorlabs). The profiles of the pump and laser modes in
the near field were captured with the CCD camera. The scale calibra-
tion was performed as described above. The laser spectra were mea-

sured using an optical spectrum analyzer (OSA, Ando AQ6315-E) with a
spectral resolution of 0.1 nm.

A photograph of the waveguide laser is shown in Fig. 6(b). The
waveguides exhibited weak green upconversion luminescence owing to
impurity Er3* ions, Fig. 6(c).

3.2. CW laser performance

At first, we studied the laser performance of the intermediate (40 pm
wide) waveguide for the optimum pump wavelength A, = 979.5 nm
(corresponding to zero-phonon-line (ZPL) of Yb3* ions in CaF,). The
laser generated a maximum output power of 723 mW at 1029-1051 nm
(broad spectrum) with a slope efficiency n of 76.0% (vs. the absorbed
pump power P,) and a laser threshold of Py = 165 mW (for
Toc = 20%), Fig. 7(a). The maximum optical-to-optical efficiency vs.
the pump power incident on the crystal 74, was 38.9%. With increas-
ing the output coupling, the laser threshold gradually increased, from
Py, =52mW (Toc = 1%) to 394 mW (Toc = 50%). No thermal
roll-over was observed up to the maximum available pump power. No
fracture of the waveguide was observed as well. No lasing without
the OC (i.e., relying on the Fresnel losses at the output facet) was ob-
served probably due to the low refractive index of CaF; (n = 1.429 at
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Fig. 4. Near-field profiles of the guided pump modes for the deep-diced Yb®*:CaF, ridge waveguides: WG width is (a) 50 pm, (b) 40 pm, (c) 30 pm, (d) 20 pm and (e) 10 pm. Pump
polarization: vertical, 2, = 979.5 nm. White lines marking the air/crystal interfaces are drawn as guides for eyes.

~1.04 pm [29]) leading to an equivalent Toc as high as 96.9%. The
pump polarization in these studies was set to be vertical.

No lasing was achieved when pumping into the bulk area of the sam-
ple. This is due to the negative thermal lens in Yb3+:CaF5 [16] which
drives a plano-plano cavity to an instability region. This observation
confirms the waveguide geometry of the laser. On the other hand, nega-
tive thermal lens may promote the mode leakage into the substrate con-
tributing to the total passive losses. However, this effect is expected to
be diminished by reabsorption in unpumped regions of the waveguide.

The typical spectra of laser emission from the waveguide laser are
shown in Fig. 7(b). The spectra are broad due to the smooth and broad
gain spectra of Yb3* ions in CaF, and contains multiple lines originating
from the Fabry-Perot (etalon) effects at the multiple crystal/air and mir-
ror/air interfaces. With increasing the output coupling, the central emis-
sion wavelength experienced a blue-shift, from ~1048 nm (Toc = 1%)
to ~1029 nm (Toc = 50%) due to the quasi-three-level nature of the
2F5/9 — 2Fy /5 transition.

The Caird analysis [30] was applied, Fig. 7(c). The inverse of the
slope efficiency, 1/, was plotted vs. the inverse of the output-coupling
loss, 1/yoc, and the experimental data were fitted using the formula:

1/n = 1/no(1 + 2y/yOC) @
where yoc and y (the loss coefficient) are given by:

roc = —In(l = Toe) (2a)
y = —In(1 — L) (2b)

where 1 is the intrinsic slope efficiency and L is the single-pass passive
loss. The use of Eq. (1) yields ng = 75.0 = 4%. The waveguide propa-
gation losses are then calculated from L:

dloss = 4.34L/t, 3

leading to the value of 0.13 * 0.05 dB/cm at ~1.04 pm. This value
agrees with that determined from the pump-transmission measurements
(0.21 + 0.06 dB/cm at ~0.91 pm) considering longer laser wavelength.

The determined §),ss is smaller than the value corresponding to
Fresnel losses at the crystal/air interfaces. Indeed, for a single pass
and two reflections at the interfaces, Ly, = 6.1% and the equivalent
Bloss,rr = 0.44 dB/cm. This is due to the fact that the input and output
faces of the crystal were polished with a good parallelism (value) so that
the crystal itself acted as an etalon, so that the generated longitudinal
modes experienced much lower losses.

The measured single-pass pump absorption, 7aps N1, as a function of
the incident pump power is plotted in Fig. 7(d). It gradually increased
from the small-signal value, 74p50:

Mabso = 1 — eXp(=0PypsNypt) 4

where oP,,s is the absorption cross-section at the pump wavelength
(0.54 x 10720 cm? at 979.5 nm) indicating the effect of ground-state
bleaching. In our case, according to Eq. (4), Napso = 97.2%. With in-
creasing the output coupling, due to increased inversion in the wave-
guide, the pump absorption at the threshold pump power ngps i, dropped
from 92.7% (Toc = 1%) to 68.2% (Toc = 50%).

The laser excitation curve (the plot of the output power vs. the pump
wavelength) was measured for the 40 pm wide waveguide ensuring a
constant value of the incident pump power, as shown in Fig. 8(a).
Laser operation was achieved for 1, in the range of 908.9-996.3 nm.
The laser excitation curve well matched with the absorption cross-sec-
tion spectrum for the 2Fy,5 — 2F5/, Yb3* transition in CaF,. The emis-
sion linewidth for the Ti:Sapphire laser was <0.1 nm.
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Table 1
Measured pump coupling efficiency ncoupl (at 2 = 892 nm) and waveguide propagation
losses oss (at 2 = 912 nm) for deep-diced ridge waveguides in Yb 3+:CaFs.

WG width Ncoupls %0 Sloss, dB/cm

E || vertical E || horizontal
50 pm 77.9 = 0.5 0.17 = 0.05 0.34 = 0.07
40 pm 742 £ 0.5 0.21 * 0.06 0.39 = 0.07
30 pm 67.9 = 0.5 0.28 = 0.07 0.44 = 0.1
20 pm 57.6 £ 0.7 0.35 = 0.1 0.46 = 0.1
10 pm 43.0 £ 1.0 0.52 = 0.1 0.91 = 0.2

We also tried pumping of the waveguide into another absorption
peak of Yb3+ ions at 922.0 which is much broader, Fig. 8(b). In this
case, the laser generated a maximum output power of only 521 mW at
1019-1038 nm with a maximum 7op; = 22.5%. Moreover, a thermal
roll-over was observed for Pj,. > 1.7 W. Such deterioration of the laser
performance with respect to pumping at 979.5 nm is mainly due to
higher fractional heat loading:

m &1 = ngy wherengy = y,/7L, 5)

where 7g, is the Stokes efficiency under laser conditions and J;, is the
laser wavelength. Indeed, n, = 10.7% and 5.2% for pumping at the
short-wavelength part of the absorption spectrum and at the ZPL, re-
spectively.
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Fig. 6. Deep-diced Yb3*:CaF, ridge waveguide laser: (a) scheme of the laser, 1/2 —
half-wave plate, P — Glan-Taylor polarizer, PM — pump mirror, OC — output coupler, FL
and CL - focusing and collimating lenses, respectively, F -cut-off filter; (b) photograph of
the laser; (c) top view photograph of the pumped guide.

We have directly compared the laser performance of all WGs
(widths: 10-50 pm), see Fig. 9(a). In general, for narrower WGs, the
pump coupling efficiency decreased while the ground-state bleaching in-
creased due to the higher pump intensity. Both effects limited the power
scaling capabilities. Indeed, for the same output coupling (Toc = 20%),
Nabs,th dropped from 84.3% (50 pm waveguide) to 76.7% (10 pm one).
The performance of the 40 pm and 50 pm waveguides was similar.
For the intermediate size waveguide (30 pm), the laser operated with
even higher slope efficiency # = 79.5% and reduced laser threshold
(P, = 98 mW) while the power scaling was limited to 635 mW at
1039-1051 nm as explained above. For even smaller structures
(10-20 pm), the laser performance gradually deteriorated and the
threshold was nearly unchanged. Moreover, for the 10 pm waveguide,
a thermal roll-over was observed. There are two main reasons for this
behavior: (i) higher propagation losses for smaller ridges, cf. Table 1,
and (ii) worse thermal management of thin waveguides which provide
almost no heat flow in the vertical direction.

The spectra of laser emission for WGs with different width are
compared in Fig. 9(b). They are similar except of the smallest struc-
tures (10-20 pm) for which the central wavelength experienced a slight
blue-shift to ~1034 nm due to increased passive losses.

The near-field mode profiles for all the studied WGs are shown in
Fig. 10(a). The laser modes are localized near the top part of the wave-
guide. With decreasing the waveguide width, the mode ellipticity:

e = (W — wi)/wiy 6)

along the vertical direction gradually increases, i.e., from e = 0.41 for
50 pm wide waveguide to e = 0.88 for 10 pm wide one. For larger
waveguides (40-50 pm), the mode was well localized within the ridge
(e.g., the mode size 2w, = 38 pm for the 50 pm wide waveguide) and
for smaller ones (10-20 pm), the mode overlap with the side walls of
the ridge increased (as indicated by the mode size 2wy, = 12 pm for the
10 pm wide waveguide). These changes in the mode profile may explain
higher propagation losses in the latter case.

The typical 1D intensity profiles of the laser mode from the 40 pm
wide waveguide measured in the near-field are shown in Fig. 11(a). In
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the horizontal direction, the profile is well fitted with a Gaussian func-
tion (goodness of the fit: R? > 0.99) and the mode size 2w;; = 26 pm.
In the vertical direction, the beam is slightly multimode with
2wy = 62 pm (e = 0.58). The beam quality factors were measured in
the far field by the ISO-standard method [31] using an uncoated spher-
ical CaF; lens (f = 75 mm) placed after the output coupler, see Fig.

11(b). The obtained values are M2, = 1.05 + 0.05
sz = 1.3 = 0.1 in agreement with the previous considerations.

Calcium fluoride is cubic and optically isotropic. However, the stud-
ied Yb3*:CaF, waveguide lasers generated partially polarized emission.
Depending on the waveguide width, the polarization degree P and the
angle of the preferential orientation of the electric field ¢ (with respect

and
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to the pump polarization E, which was fixed to be vertical) varied. This
is revealed in Fig. 12 where the power transmitted through a rotating
Glan-Taylor polarizer is plotted as a function of its rotation angle 6. The
angle 6 = 0 corresponds to horizontal orientation of the polarizer. The
curves are well fitted using the formula:

Pou () = P2 + PPCOS2 [6

ENC) @
suggesting partially polarized light. The polarization degree is then:
P = Pp/(P, + Py ®

For example, for the 20 pm wide waveguide, P = 96% and ¢ = 5°
(high polarization degree, almost vertical linear polarization well match-
ing the pump polarization state) and for the 50 pm one, P = 92% and
¢ = 53° (lower polarization degree, stronger rotation of the preferen-
tial orientation of the electric field for laser emission with respect to the
pump polarization). One possible explanation for this tendency can be
the observed anisotropy of waveguide propagation losses for TM and TE
polarizations, Table 1. As this anisotropy becomes more significant for
narrower waveguides, predominantly vertically polarized laser emission
is generated.

To further reveal the anisotropic polarization response of the fabri-
cated ridges, we studied the laser performance of the same waveguide
(40 pm wide) under two different pump polarizations (vertical and hor-
izontal). In the latter case, the Yb3*:CaF, waveguide laser generated an
output power of 457 mW at 1033-1044 nm with 7 of only 52.9% and
Py, of 238 mW, as shown in Fig. 13(a and b). The observed lower slope
efficiency and increased laser threshold (as compared to the case of ver-
tical pump polarization) are in line with the higher propagation losses
for TE pumping, see Table 1. The corresponding pump and laser modes
are shown in Fig. 13(c-f). For the horizontal pump polarization, the
leakage of the pump mode into the bulk area of the sample is more pro-
nounced. The laser mode also exhibits stronger ellipticity in the vertical
direction.

3.3. Tunable operation

To demonstrate wavelength tuning in the developed waveguide
laser, the flat OC was replaced by a concave one (radius of curva-
ture, RoC, of —100 mm) with a similar coating (Toc = 2 * 0.5% at
1.0-1.1 pm) placed at ~94 mm apart from the output facet of the sam-
ple (a nearly hemispherical cavity design). As a tuning element, we used
an uncoated quartz birefringent plate BIR1020, Newlight Photonics)
with a diameter of 1” and a thickness of 2.0 mm. It was a-cut with the
optical axis (c-axis) lying in the plane of the plate. The plate was placed
at the Brewster angle near the output facet of the sample. The pump po-
larization was vertical and the pump wavelength 4, was 979.5 nm.

Prior to the tuning experiment, we studied the laser operation in
the free-running regime (when removing the filter from the cavity). The
laser generated a maximum output power of 194 mW at 1036-1057 nm
with a slope efficiency of 23.1% and a laser threshold of 150 mW. The
laser performance slightly deteriorated as compared to the plano-plano
cavity with the same OC, cf. Fig. 7(a), namely 329 mW at
1038-1059 nm with = 27.9% and Py, = 55 mW, due to higher intra-
cavity losses related to the back-coupling efficiency at the output facet
of the ridge.

After inserting the birefringent plate, a continuous wavelength tun-
ing between 1009.2 and 1072.4 nm was demonstrated, as shown in Fig.
14(a). This corresponded to a tuning range of ~63 nm. The maximum
of the tuning curve was observed at 1052 nm for an output power of
118 mW. This value is lower than that for the free-running operation
because of the insertion loss of the BRF. One may also argue that the
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Fig. 11. Beam quality analysis for the deep-diced Yb®*:CaF, waveguide laser (WG width: 40 um): (a) 1D intensity profiles of the laser mode in the near-field: symbols — experimental data,
curves — Gaussian fits; (b) evaluation of the beam quality factors szyy in the far-field, Toc = 20%, Paps ~ 0.5 W. Pump polarization: vertical.

horizontal polarization of laser emission determined by the Brewster-ori-
ented BRF leads to slightly higher propagation losses. In the same fig-
ure, we show the gain spectra for Yb®* ions in CaF,. Yb®™ ions repre-
sent a quasi-three-level laser scheme with reabsorption, so that the gain
cross-se

Og = Bosg — (I — P)ogps

©)]

are calculated to conclude about the laser wavelength. Here,
p= N2(2F5/2)/NYb is the inversion ratio and N is the population of the
upper laser level. Owing to the strong ion clustering in Yb®*:CaFs, it
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exhibits smooth and broad gain spectra showing several local maxima
at ~1052, 1032 and 1018 nm. The former local maximum well matches
with the maximum of the tuning curve. The shape of the latter is deter-
mined by both the gain spectrum and the coatings of the PM and OC (in
particular, an abrupt rise of transmission of PM below 1020 nm).

The typical spectra of emission from the wavelength-tunable wave-
guide laser are shown in Fig. 14(b). They are relatively narrow
(linewidth: <0.5 nm), compare with the broad spectrum containing
multiple lines for the laser operating in the free-running regime.
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3.4. Discussion

The results on Yb3*-doped calcium fluoride waveguide lasers
achieved so far are summarized in Table 2 focusing in particular on
the output power, slope efficiency and optical-to-optical efficiency. Two
methods were applied previously to fabrication of laser-active WGs,
namely, ULI also using bulk doped crystals (as in the present work) and
LPE growth of thin single-crystalline layers on bulk undoped substrates.
In the present work, we report on the highest output power and slope
efficiency (achieved with high output coupling, Toc = 20%) and the
smallest laser threshold (for small Toc = 2%) as compared to the previ-
ous works. We also report on the relatively low propagation losses com-
pared to those for the LPE method. In terms of the overall optical-to-op-
tical efficiency vs. the input pump power, our work still leaves a space
for further improvement. We believe that 7., may exceed 50% via op-
timization of the pump coupling (which can be potentially limited only
by the Fresnel losses considering large cross-sectional area of the wave-
guides and high refractive index contrast at the crystal/air interfaces)
and using longer waveguides (>1 c¢m) and/or higher Yb®* doping lev-
els ensuring nearly complete pump absorption.

The tuning range achieved for the Yb3':CaF, waveguide laser
(~63 nm) is comparable with the best results obtained with the corre-
sponding bulk crystals. Petit et al. reported on a Ti:Sapphire pumped
bulk 1.7 at.% Yb®*:CaF, laser with a Lyot filter which was continuously
tunable between ~1000 and 1060 nm [20]. Lucca et al. demonstrated
tuning of a diode-pumped 5 at.% Yb®*:CaF, laser between 1017.8 and
1072.1 nm (tuning range: 54 nm) with a power maximum at ~1052 nm
[19] which agrees with the present work.

Recently, we applied the same concept of deep diamond saw dic-
ing for Tm3":LiYF, crystal [15]. The following mechanisms of mode
guiding in the fabricated ridges were suggested: (i) high refractive in-
dex contrast at three crystal-air interfaces, (ii) reabsorption losses in
the unpumped (non-bleached) regions of the waveguide, and (iii) possi-
ble variation of the refractive index due to the stresses induced by dic-
ing via the photo-elastic effect. Note that tetragonal LiYF, is optically
anisotropic and exhibits natural birefringence. Indeed, the polarization
state in the Tm3":LiYF, waveguide laser was determined by the gain
anisotropy (vertical, n). The inherent optical anisotropy of LiYFs may
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promote the waveguiding properties of diamond saw diced ridges. Here,
we prove that deep diamond saw dicing can be also applied to fabrica-
tion of ridge WGs in optically isotropic (fluoride) materials. We also ob-
serve additional indications of anisotropic stress fields in the microstruc-
ture sample (i.e., the polarization-sensitive response of the waveguides)
which can be promoted by slightly asymmetric shape of the bottom part
of the ridges.

One may argue that the observed lasing is related to the bulk crystal
geometry (i.e., not the waveguide one). When focusing the pump into
the bulk (non-diced) area of the sample, no laser action was observed.
This is because Yb3*:CaF, exhibits a negative (defocusing) thermal lens
due to the negative dn/dT coefficient, —11.3 x 107° K~! [16]. Negative
thermal lens makes the plano-plano cavity unstable. As for the wave-
guide laser experiments, negative thermal lens seems to be weaker than
the index-guiding mechanism. However, it may contribute to the mode
leakage into the bulk area of the sample.

As a final comment, in the previous work with Tm3+:LiYF4 [15],
we detected significant thermal effects preventing power scaling. In the
present work, the waveguide laser operated in true CW regime and no
thermal roll-over was observed up to at least Pj,. ~1.2 W (when pump-
ing into the zero-phonon-line absorption peak of Yb®* ions and avoid-
ing the use of very narrow waveguides with the widths below 20 pm).
There are two main reasons for that. First, Tm3* laser scheme provides
higher heat loading (7, ~ 28% for Tm3+ :LiYF, [32]) as compared to the
in-band pumped Yb3* lasers (y, = 5.2%, see above). Second, the ther-
mal conductivity of CaFs is higher [17].

In the present study, the power scaling of the Yb3*:CaF, waveguide
laser was limited by the available pump (the Ti:Sapphire laser). We be-
lieve that further power scaling reaching multi-watt output in true con-
tinuous-wave regime is feasible when using other high-brightness pump
sources, e.g., fiber lasers, or even fiber-coupled InGaAs laser diodes.
In the latter case, broader ridges (50 pm) would be preferable. The
main limitation for power scaling in CW regime would be the thermal
roll-over due to the limited heat removal from the ridge (which is pos-
sible only along the vertical direction, towards the bulk/undiced area)
but not the damage of the waveguide input faces. The excessive heating
of the ridge may induce additional losses owing to the mode leakage in-
duced by the negative thermal lens. We suppose that it can be overcame
to a certain extent by active cooling of the sample.

4, Conclusions

To conclude, deep diamond saw dicing (featuring high
height-to-width aspect ratios of the microstructures) is a powerful ap-
proach to fabricate surface (ridge) waveguides in bulk ytterbium-doped
calcium fluoride crystals for laser applications. Such waveguides en-
sure relatively low propagation losses (down to 0.13 * 0.05 dB/cm at
~1 pm), small surface roughness of the side walls (about 0.5 nm), good
verticality of the ridges (within 15 nm for the upper 3/4 part of the
ridge) and the lack of cracking/chipping, as well as dicing debries. No
post-processing polishing is required for such microstructures.

The combination of good thermal properties of CaF, with the broad-
band emission of Yb3* ions which are subjected to strong ion cluster-
ing determine the power scaling capabilities of deep diced Yb®*:CaF,
waveguide lasers, as well as the possibility of broadband wavelength
tuning. In the present work, using deep-diced Yb3*:CaF, ridge WGs, we
achieved the output powers up to 723 mW at ~1.04 pm with a slope ef-
ficiency of 76.0% (for high output-coupling) and the laser thresholds as
low as 55 mW (for small output coupling). These parameters represent
the record-high values for ytterbium calcium fluoride waveguide lasers.
Moreover, we demonstrated continuous wavelength tuning of the wave-
guide laser between 1009.2 and 1072.4 nm which is comparable with
the best results for the corresponding bulk crystals.

The nature of waveguiding in deep-diced ridges has to be further
clarified. In the present work with the cubic (optically isotropic) CaFo
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Fig. 13. Effect of the pump polarization (E;) on the laser performance of the deep-diced Yb3*:CaF, waveguide lasers (WG width: 40 pm): (a) input-output dependences,  — slope effi-
ciency; (b) typical spectra of laser emission measured at maximum Pyps; (c,d) near-field profiles of the pump modes; (e,f) near-field profiles of the laser modes, Paps ~ 0.5 W 4, = 979.5 nm,

Toc = 20%. In (c-f), white lines marking the air/crystal interfaces are drawn as guides for eyes.

crystal, we observed a notable polarization-response of the fabricated
waveguides, namely, a great difference of the propagation losses for TM
and TE polarized light, as well as linearly polarized laser emission. These
observations may suggest an anisotropic stress field in the ridges modi-
fying the refractive index.

Further work should focus on the optimization of the transverse
profile of the ridges for simultaneously maintaining good mode con-
finement, keeping low propagation losses and reaching single-trans-
verse-mode operation.

The fabricated waveguides are promising for compact mode-locked
oscillators at ~1 pm operating at high repetition rates (GHz-range).
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Table 2
. Output characteristics* of Yb 3*:CaF, waveguide lasers reported so far.

Method ** Yb, at.% Pout, W 7, % Py, W AL, NM Nopts %0 Ncoupls %0 Slosss dB/cm Ref

ULI 2.0 0.17 ~56 0.074 1014, 1028 44.3 - 0.5 [25]

LPE 1.4 0.11 12.9 0.24 1037 ~6 73 0.14 = 0.05 [28]

Dicing 4.5 0.72 76.0 0.165 1029-1051 38.9 74.2 0.13 *= 0.05 s
0.33 27.9 0.055 1038-1059 17.6

Pyt — output power, 7 — slope efficiency vs. absorbed pump power, Py, — laser threshold, A, - laser wavelength, 74, — optical-to-optical efficiency, 7coup — pump coupling efficiency.
**Fabrication method: ULI - Ultrafast Laser Inscription, LPE — Liquid Phase Epitaxy.
***This work.
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