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A surface channel waveguide laser is produced by 
diamond saw dicing of a 15 μm-thick 10 at.% Tm:KY1-x-

yGdxLuy(WO4)2 monoclinic double tungstate thin film 
grown by Liquid Phase Epitaxy on an undoped KY(WO4)2 
substrate. The waveguide propagation losses are 1.1±0.5 
dB/cm. When pumped at 802 nm, laser operation is 
achieved with a maximum output power of 262 mW at 
1833 nm with a record slope efficiency of 82.6% (versus 
the absorbed pump power) in a TE10 spatial mode (linear 
laser polarization, E || Nm). Diamond-saw-dicing of 
double tungstate epitaxies is a promising technology for 
manufacturing waveguides for sensing applications.  

http://dx.doi.org/10.1364/OL.99.099999 

Surface passive and active waveguides (WGs) are promising for 
functionalization of their surface which is relevant for applications 
in sensing technology. Such devices rely on the evanescent-field 
coupling of the laser mode with the deposited material. Such a 
design compared with devices operating in transmission-mode, 
greatly enhances the interaction length and reduces the passive 
losses. Moreover, it features a small depth of light penetration into 
the deposited material. Surface WGs can be functionalized with a 
nonlinear material (saturable absorber) for generation of ns pulses 
via a passive Q-switching mechanism [1-3]. They can be used for 
bio- and environmental sensing and spectroscopy as well [4]. For 
this purpose, the near-mid-infrared spectral range of 2-3 μm is 
particularly interesting as it contains absorption lines of molecules 
such as H2O, CO, CO2, NO2, etc. 

Laser emission around 2 μm is typically achieved using Thulium 
(Tm3+) or Holmium (Ho3+) ions. In the former case, it originates from 

the 3F4 → 3H6 transition. Tm3+ ions feature an absorption band at ~0.8 
μm (to the 3H4 state) and their pump quantum efficiency may reach 2 
due to an efficient cross-relaxation process (CR), 3H4 + 3H6 → 3F4 + 3F4. 
For Tm WG lasers, the monoclinic double tungstate (MDT) crystals, 
KRE(WO4)2, where RE = Gd, Y or Lu, are well-recognized materials [5]. 
They have attractive spectral properties in polarized light [5,6] and can 
support high Tm3+ concentrations leading to efficient CR accompanied 
with weak quenching of the 2 μm luminescence [7]. Waveguiding thin 
films of MDT are typically produced by Liquid Phase Epitaxy (LPE) on 
undoped (bulk) substrates [8]. Micro-structuring of such active layers 
was performed by Ar+-ion etching and a compositionally “mixed” 
Tm:MDT buried channel WG laser has been scaled to 1.6 W at 1.84 μm 
with a slope efficiency of ~80% [9]. Low propagation losses of 0.2 
dB/cm have been measured in such WGs [10]. 

Ar+-ion etching is nevertheless a complicated technology which 
requires a heavy equipment. Recently, precision diamond saw dicing, a 
well-known and commercialized technology for silicon wafer cutting 
has been proposed for the fabrication of surface WGs. It has also been 
used for the fabrication of WGs based on polymers [11] and crystalline 
thin films [12,13]. In Ref. [12], a Nd3+:Sapphire ridge WG laser 
generated 322 mW at 1092 nm with a slope efficiency of only ~12% 
due to relatively high scattering losses of 6 dB/cm. Using a Nd:YAG 
ridge WG, Y. Jia et al. extracted 84 mW at 1064 nm with a slope 
efficiency of 43% and a WG propagation loss of 1.7 dB/cm [13]. WGs in 
LiNbO3 and KTiOPO4 were also fabricated by diamond saw dicing [14-
16] featuring WG propagation losses of about 1 dB/cm. They were
used for second-harmonic generation leading to green emission. Very 
recently, diamond saw dicing was used for the production of channel
WGs in tetragonal Tm,Gd:LiYF4 / LiYF4 epitaxial films [17]. 

In the present paper, we aim to demonstrate the first Tm3+ channel 
WG laser based on low-symmetry (monoclinic) crystal and diamond 
saw dicing featuring moderate propagation losses and high slope 
efficiency almost approaching the theoretical limit, as a platform for 
surface functionalized devices. The application of diamond saw dicing 
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for MDT thin films is not a trivial task because of the strong anisotropy 
of thermo-mechanical properties of these materials. 

The Tm3+-doped active layer (thin film) with a composition of 
KY0.61Gd0.22Lu0.07Tm0.10(WO4)2 (actual Tm3+ concentration NTm = 
5.83×1020 at/cm3) was grown on an undoped bulk KY(WO4)2 
substrate by Liquid Phase Epitaxy (LPE). The Gd3+ and Lu3+ ions were 
added to reduce the lattice mismatch and to promote a positive 
refractive index contrast between the layer and the substrate [18]. The 
substrate was double-side-polished and oriented with its faces being 
orthogonal to the (010) axis. The bulk KY(WO4)2 crystal was grown by 
the Top-Seeded Solution Growth (TSSG) method [5]. For the LPE 
growth, potassium ditungstate, K2W2O7, was used as a solvent. The 
solute / solvent ratio was 7 / 93 mol% and the corresponding 
saturation temperature TS was 1160.9 K. The LPE growth was 
performed at 3 K below TS for 2.5 hours resulting in an uniform layer. 
More details can be found elsewhere [5]. The layer was further 
polished to a thickness of 15.3 μm, as confirmed by Environmental 
Scanning Microscopy (ESEM), Fig. 1(a). The epitaxy (abbreviated as 
Tm:KYW / KYW) was oriented for light propagation along the Ng 
optical indicatrix axis (KYW is an optically biaxial crystal). Both edges 
of the epitaxial layer were polished to laser quality and remained 
uncoated.  

The measured lifetime of the 3F4 Tm3+ multiplet was 0.79 ms which 
is only slightly shorter than the radiative one, 1.11 ms [6]. For 
Tm:KYW, the peak stimulated-emission (SE) cross-section σSE (3F4 → 
3H6) is 4.2×10-20 cm2 at 1.84 μm [6]. 

 
Fig. 1.  ESEM images of the (a) polished end-facet and (b) top surface of 
the diced 10 at.% Tm:KYW / KYW epitaxy. 

The surface channel WG was produced using a precision dicing saw 
(Disco DAD 321). A metal bonded blade (6000 grit, outer diameter: 54 
mm, thickness: 0.1 mm) with synthetic diamonds was used. The dicing 
parameters were optimized by performing multiple cuts on similar 
test samples. The feed rate (the distance travelled by the blade in its 
each revolution) was determined from the blade rotation and 
translation speeds. Values in the range of 0.15 – 0.3 μm/rev (limited by 
the maximum rotation speed) were tested by assessing the surface 
roughness of the cuts. The smaller feed rates provided the lowest 
surface roughness. Thus, we selected the feed rate of 0.15 μm/rev 
(rotation speed: 40.000 revolutions per minute (rpm), horizontal 
translation speed: 0.1 mm/s). No vertical blade movement was 
applied. The dicing depth was optimized to be ~20 μm by inspection of 
the channel side walls using a confocal microscope. For smaller depths, 
there was a significant chipping at the sample end-facets. During the 
dicing, the blade and the sample were cooled with a room-temperature 
deionized water flowing at a rate of 1 liter/min. It served as a lubricant 
during the cutting process and helped to remove the cutting debris 
from the region currently being diced. 

The produced surface channel (ridge) WG was analyzed with ESEM, 
Fig. 1. The width of the WG was 60.9±0.5 μm (it was selected according 
to the dicing tests leading to low roughness of the cut). The side walls of 
the WG were slightly rounded and their root-mean-square (rms) 

roughness was <0.15 μm. No cracks were observed in the active layer 
and in the substrate. The dicing depth was about 20 μm, thus 
completely removing the active layer. The length of the WG l was 3.5 
mm. 

The scheme of the laser set-up is shown in Fig. 2. The sample 
was mounted on a glass support and it was passively cooled. Bulk 
laser mirrors were used to build the laser cavity consisting of a flat 
pump mirror (PM) coated for high transmission at 0.7-1 μm and 
for high-reflection at 1.8–2.1 μm, and a flat output coupler (OC) 
with a transmission TOC at 1.8–2.1 μm ranging from 1.6% to 30%. 
Laser operation without OC (simple Fresnel reflection from the 
WG output facet corresponding to TOC = 89%) was also tested. 
Both PM and OC were placed close to the WG end-facets. No index-
matching liquid was used. 

The WG was pumped by a CW Ti:Sapphire laser tuned to 802 nm 
(3H6 → 3H4 Tm3+ transition). The pump polarization in the active layer 
corresponded to E || Nm. The incident pump power was varied by a 
gradient neutral density filter. The pump was focused by a microscope 
objective (10×, N.A. = 0.28) through the PM. The measured pump spot 
size in the focus 2wP = 40±5 μm. The pump coupling efficiency ηcoupl 
was 42±1% (as determined from pump-transmission measurements 
at 0.84 μm, out of Tm3+ absorption). The pump absorption ηabs,L 
measured at the laser threshold pump power was above 99% in 
agreement with our rate-equation modeling taking into account the 
possible ground-state bleaching. For the actual Tm3+ concentration and 
the absorption cross-section σabs of 5.2×10-20 cm2 at 802 nm, the small-
signal absorption ηabs,0 = 1 – exp(–σabsNTml) is almost unity. The 
observed guided mode at the pump wavelength was TE10. 

  
Fig. 2.  (a) Scheme of the diamond saw dicing of ridge WGs; (b) diced 
surface channel 10 at.% Tm:KYW / KYW WG laser: ND – gradient 
neutral density filter, PM – pump mirror, OC – output coupler. 

The output laser emission was filtered from the non-coupled pump 
radiation using a long-pass filter (Thorlabs, FEL1000). The spatial 
profile of the laser mode was measured using a 40 mm spherical lens 
and a FIND-R-SCOPE near-IR camera. A calibration target was used to 
determine the actual beam size at the WG output facet. The laser 
spectra were measured using an optical spectrum analyzer 
(Yokogawa, model AQ6375B). 

Laser operation for the channel surface Tm:KYW / KYW WG has 
been achieved for all studied OCs and also without any OC, Fig. 3(a). In 
the latter case, a maximum CW output power of 262 mW at 1833 nm 
with a record slope efficiency η of 82.6% (vs. the absorbed pump 
power Pabs) was achieved. Such a high value of η is due to the efficient 
cross-relaxation among Tm3+ ions in the active layer as expected for 
such a high doping concentration (10 at.%), leading to a pump 
quantum efficiency ηq of >1.96 [7,9]. Thus, the measured slope 
efficiency is close to the theoretical limit [9], η < ηmode∙ηOC∙ηq∙ηSt,L = 
79±2%, where ηmode is the mode overlap efficiency, ηOC = ln[1 – 
TOC]/ln[(1 – TOC)·(1 – 2L)] = 92±2% is the output-coupling efficiency 
(2L is the roundtrip passive loss, see below), ηSt,L = λP/λL = 43.8% is the 
Stokes efficiency under lasing conditions. One of the factors limiting the 
laser efficiency in highly-doped quasi-three-level materials is the 
residual reabsorption at the wings of the pump mode [9]. However, 



this effect is expected to be weak for high pump intensities well above 
the laser threshold. The laser threshold was at Pabs = 214 mW and the 
optical-to-optical efficiency ηopt was 21.0% (vs. the incident pump 
power). For smaller TOC, η gradually decreased. The lowest laser 
threshold (147 mW) corresponded to 1.5% TOC. 

 
Fig. 3.  (a,b) Input-output dependences of the planar and diced surface 
channel 10 at.% Tm:KYW / KYW WG lasers: (a) channel WG, various 
TOC, symbols – experimental data, lines – their fits for the calculation of 
the slope efficiency (η), TE10 spatial mode; (b) comparison of laser 
performance for planar and channel WGs for TOC = 20%. The laser 
polarization is E || Nm. 

 
Fig. 4.  Typical laser emission spectra of the diced surface channel 10 
at.% Tm:KYW / KYW WG laser (measured at Pabs ~0.5 W). The laser 
polarization is E || Nm. 

For comparison, the planar WG operation (in the non-diced part) 
was studied. In Fig. 3(b), we compared the laser performance achieved 
for channel and planar WGs (for TOC = 20%). Planar WG laser exhibited 
higher threshold (204 mW vs. 160 mW for the channel WG) due to the 
larger laser mode size in the non-guided direction and slightly higher 
slope efficiency (34.0% vs. 28.4% for the channel WG) due to the lower 
WG propagation losses in the absence of dicing. In general, ridge WGs 
are more attractive as (i) they provide a lower laser threshold, (ii) they 
may provide single-transverse-mode operation and (iii) they can be 
pumped by single-mode-fiber light sources (e.g., fiber lasers or fiber-
coupled diodes). 

For all OCs, the input-output dependences in Fig. 3 are linear 
indicating no detrimental thermal effects. No thermal fracture of the 
sample was observed. The power scaling was limited by the available 
pump power. 

The laser emission was linearly polarized (E || Nm) due to the gain 
anisotropy [5,6]. For all OCs, the emission occurred at around the 
wavelength of 1.84 μm, Fig. 4, which corresponds to a local peak in the 
gain spectra of Tm3+ ions in KYW for high inversion rates β > 0.4. A 

slight blue-shift of the spectra with increasing TOC is due to the quasi-
three-level nature of the Tm3+ laser scheme (it is related to decreased 
reabsorption with increasing β [5]). 

The WG propagation losses were determined using a Caird plot 
modified for the case of high output coupling [19,20], namely, by 
plotting 1/η, vs. the inverse of the output-coupling loss, 1/γOC, where 
γOC = –ln(1–TOC), Fig. 5(a). The corresponding dependence can be 
expressed as 1/η = 1/η0(1+2γ/γOC), where η0 is the intrinsic slope 
efficiency and γ = –ln(1–L). The Caird analysis is correct when the laser 
emission wavelength is nearly constant for all studied OCs [20]. This 
condition is satisfied in our case, see Fig. 4. The WG propagation loss 
was calculated as δ = 4.34L/l = 1.1±0.5 dB/cm. This value is slightly 
higher than that determined recently for a 5 at.% Tm:KYW/KYW 
planar WG [21], 0.7±0.2 dB/cm, which is assigned partially to higher 
Tm3+ doping and mostly to the roughness of the WG walls induced by 
the dicing. 

The analysis of mode guidance conditions for the surface channel 
WG was performed at 1.84 μm using the software from Ref. [22], 
Fig. 5(b). The refractive indices of the active layer nm(layer) and the 
substrate nm(substrate) are 2.0056 and 2.0040, respectively, so that the 
refractive index contrast Δn is 1.6×10-3, as calculated using the 
Sellmeier formulas [23]. For the studied WG, four TE modes can be 
supported, from TE00 to TE30. Single transverse mode operation is 
expected for WG width d of 15 - 28 μm. 

 
Fig. 5.  Surface channel 10 at.% Tm:KYW/KYW WG: (a) modified Caird 
plot (inverse of the slope efficiency, 1/η, vs. inverse of the output-
coupling loss, 1/γOC); (b) analysis of mode guidance conditions (WG 
thickness t: 15.3 μm, WG width d: 10-70 μm, λ = 1.84 μm, E || Nm). 
Vertical line indicates the studied WG (d = 60.9 μm). 

The results on the laser mode profiles are shown in Fig. 6. For the 
channel WG laser, by slightly changing the distance between the PM 
and the WG input facet, it was possible to observe laser action in two 
modes (TE10 and TE30), with the highest output power in the former 
case, as plotted in Fig. 3(a). The measured mode profiles are shown in 
Fig. 6(a,c) and they agree well with the calculated result, Fig. 6(b,d). For 
the planar WG, the laser beam had a stripe-like profile extended in the 
horizontal direction, Fig. 6(e). Its 1D intensity profile in the vertical 
direction was well fitted with a Gaussian function (according to the 
mode guidance condition calculation, one mode is supported). In the 
horizontal direction, an additional mode confinement is most probably 
provided by a combination of gain-guiding and thermal lensing which 
is positive for Ng-cut Tm:KYW [24]. To model this mode profile 
numerically, Fig. 6(f), we assumed a channel WG with a width equal to 
the mean pump diameter in the horizontal plane. 

The previously reported channel WG lasers based on MDTs were 
produced by a combination of LPE and Ar+-ion etching for 
microstructuring of the films or femtosecond direct laser writing (fs-
DLW). A Tm:KY1-x-yGdxLuy(WO4)2 / KY(WO4)2 buried channel WG 
laser generated 1.6 W at 1.84 μm with η = 81±3% [9]. In the present 
paper, we report on a similar laser slope efficiency using a surface 
channel WG. The output power in our case was limited by the available 



pump source. Moreover, diamond saw dicing is an easier and less 
technologically demanding process than Ar+-ion etching. Regarding fs-
DLW, lower output power (136 mW at 1844 nm) and slope efficiency 
(34.2%) were reported [25]. 

 
Fig. 6.  (a-f) Measured (left images) and calculated (right images) mode 
profiles of the 10 at.% Tm:KYW / KYW surface channel and planar WG 
lasers: (a,b) channel WG, TE10 mode; (c,d) channel WG, TE30 mode; 
(e,f) planar WG. The laser polarization (E || Nm) is horizontal. The 
measurements are performed for TOC = 20% at Pabs ~0.5 W. 

To conclude, we report on the successful fabrication of an active 
(Tm3+-ion-doped) surface channel (ridge) WG by combining the LPE 
technology for monoclinic crystals and precision diamond saw dicing. 
A highly-doped WG provided moderate propagation losses of 1.1 ± 0.5 
dB/cm due to the low roughness of the WG walls and very high slope 
efficiency in excess of 80% due to efficient Tm3+-Tm3+ cross-relaxation. 
The laser operated in a TE10 mode while single-mode (TE00) operation 
is possible for WGs with reduced widths. The designed WGs are 
promising for functionalization of their top surface by deposition of 
optically nonlinear materials, e.g., graphene or single-walled carbon 
nanotubes, serving as saturable absorbers based on evanescent field 
coupling leading to passively Q-switched (pulsed) operation. Another 
possible application of such active WGs can be bio- and environmental 
sensing. 
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