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Abstract:  We demonstrate the first Tm-doped yttria planar waveguide
laser to our knowledge, grown by pulsed laser deposition. A maximum
output power of 35 mW at 1.96m with 9% slope efficiency was achieved
from a 12um-thick film grown on a $Als0;, substrate.
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1. Introduction

Lasers operating in the 2 micron wavelength region have a number of applications, includ-
ing remote sensing/LIDAR, materials processing and medical therapy. Thulium-doped media
have several attractive features for generating light in this wavelength band, including a broad
emission bandwidth, long-lived metastable states, absorption bands matched to high-power 0.8
um diode-pump sources, and the potential for high quantum efficiency due to a 2-for-1 cross-
relaxation process [1, 2]. Waveguide lasers are compact, can be easily integrated with diode
pump lasers without additional beam shaping, can have lower thresholds than bulk geometries
and have excellent thermal management properties. These are all features that are highly de-
sirable in many 2 micron applications, particularly where high pump and output powers are
desired.

Rare earth (RE) sesquioxides, including dopeg(zo(scandia), ¥Os3 (yttria) and LyOs3
(lutetia) are of great interest as potential waveguide laser hosts. These cubic materials have
excellent thermo-optic properties and can easily be doped with various RE ions (including
thulium) and are optically isotropic. Sesquioxides can, however, be challenging to grow from
the melt due to their relatively high melting points (generally in excess of 2&)(3].

Pulsed laser deposition (PLD) is a simple but versatile thin film deposition technique that
has proven suitable for growth of low-loss lasing waveguides [4, 5]. Despite the high growth
temperatures required for depositionf00°C or above), growth of various sesquioxide films
has been achieved via PLD [6, 7], including doped and undopés ¥8—11]. Lasing has been
observed in Nd:(Gd,Ly3 [12] and Yb:(Gd,Lu)O3 [13] channel waveguides formed by post-
processing of PLD-grown films. Estimated optical losses (propagation + unquantified coupling
losses) in these latter cases have, however, been higdBcni 1), and thicknesses limited to
~2 um.

In this paper we present the growth and laser operation ofiari-ghick Tn?+:Y ,03 planar
waveguide grown on a3Als012 (YAG) substrate by PLD, representing the first example to our
knowledge of a Tm:¥O3 waveguide laser. Threshold pump power and slope efficiency were
determined to be 135 mW and 9% respectively, leading to a maximum output power of 35 mW
measured for a maximum pump power of 600 mW; this is, to our knowledge, the highest output
power recorded for a sesquioxide laser grown by PLD by more than a factor of two.
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Fig. 1. Diagram of experimental setup, including UV ablating and IR heating laser beams.

2. Film fabrication and characterization

2.1. Fabrication

The ~12 um-thick film was deposited onto a (100)-oriented YAG substrate of sizel0& 1

mm?® via the experimental setup displayed in Fig. 1. KrF excimer laser pulses of wavelength
248 nm, duration 20 ns and fluence 1.7 Jémwere incident upon a Tm:doped ceramic yttria
target. The substrate was heated-ttD00°C via a CQ laser of wavelength 10.6m, incident

upon a ZnSe tetraprism to obtain a square beam profile [14]. The target was rotated, driven by
an offset cam assembly, providing an epitrochoidal ablation path and hence efficient use of the
target surface. Deposition took place in a background oxygen gas pressurd ®f%mbar.
Following material charaterization, two opposing facets were polished plane and parallel for
lasing experiments, resulting in a final waveguide lengtk 8fmm.

2.2. Material characterization

X-ray diffraction (XRD) was carried out using a Bruker D2 Phaser powder diffractometer.
XRD data was obtained for films on substrates and the bare substrates to allow peaks resulting
from diffraction from the substrate to be identified. A KLA Tencor P16 stylus profiler was
used to measure film thickness and a Zemetrics Zescope optical profiler was used to obtain
3D surface profile maps, allowing automatic particulate counting with the Image Metrology
Scanning Probe Image Processor (SPIP) software package.

Energy dispersive X-ray analysis (EDX) was employed to characterize the composition of
the sample. The system used was an Oxford Inca PentaFex-x3 EDX analyser attached to a Zeiss
EVO-50 scanning electron microscope (SEM). The average thulium concentratieriimar
area in the film center was found to b&.3 at.%. Although the thulium concentration across
a wider area was not measured, characterisation of previous;Dp:gfowth under the same
conditions suggests that it does not vary systematically across the entire film surface.

The film was crystalline, as was demonstrated by the XRD spectrum shown in Fig. 2(a). The
largest peaks correspond to (222) and (444) orientations of the film, as well as the (400) and
(800) orientations of the underlying YAG substrate, indicating that the film is highly textured
in the (222) orientation. (222)-oriented growth has been observed previously in sesquioxide
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Fig. 2. XRD spectra of (a) the 1@m-thick Tn*:Y ,03 waveguide and (b) a 50 nm-thick
Tm3*:Y,03 film. Very small peaks corresponding to growth in orientations other than the
primary (222) and (444) orientation can be observed, particularly in case (a). Unassigned
film peaks are observed around 26(A) and 17.6 (E). Peaks arising from substrate con-
tributions may also be observed: peaks labelled B and C may correspond to orientations of
cubic yttria, while peaks D, F and G likely correspond to orientations of YAIO

deposition, both where the film and substrate were lattice matched (for example in the case
of growth of yttria on sapphire, where the lattice mismatch w&8s [8]), and in the case of
growth on amorphous substrates (where there is no lattice match, growth in the cubic phase
and{111} orientation minimises the surface free energy [15]). A number of peaks at least two
orders of magnitude smaller than the primary (222) orientation peak can also be observed. This
indicates a small amount of growth in other orientations and possibly in a non-cubic phase
(corresponding to the peak labelled A). This latter peak could not be assigned directly from
database values, although a number of non-cubic orientationg®f &hibit peaks at a similar

value of D [16].

For comparison, a 50 nm THh:Y 03 film was grown under the same deposition conditions,
the XRD spectrum of which is shown in Fig. 2(b). In this case, only peaks corresponding to the
(222) and (444) planes of cubic yttria can be observed, as well as additional small peaks around
17.6° (E) and 26.4 (A). This suggests that the film grows primarily in the (222) orientation
even during the first tens of nanometres of growth, while growth in other orientations becomes
more prevalent as the film thickness increases. A very small peak likely corresponding to the
non-cubic yttria phase is also observed aroundZndicating some growth in this phase even
at these small thickness values.

The growth mechanisms that lead to the formation of cubic and non-cubic phases in different
orientations, as well as their changing significance as film thickness increases, are currently
under investigation. It should be noted that due to the small thickness of the film, the XRD
spectrum is dominated by the substrate contribution, and peaks resulting from the film itself
(i.e. small amounts of growth in other phases/orientations) may be lost in the noise. It should
also be noted that the presence of peaks other than (400) and (800) orientations of YAG in the
substrate spectra indicates that the substrates themselves are not perfect crystal, which may be
influencing subsequent film growth. The peaks labelled B and C in Fig. 2(a) may correspond to
the (211) and (440) orientations of cubic yttria, while peaks labelled D, F and G in Figs. 2(a) and
2(b) likely correspond to the (222), (111) and (221) orientations of YXNAP) respectively.
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2.3. Waveguide characterization

Considering the refractive index of the YAG [17] substrate and undop&£2tY18] (1.82 and
1.91 respectively at 800 nm), and noting that this Tm dopant concentration likely results in a
negligible index increase, the numerical aperture (NA) of the waveguide at the pump and lasing
wavelengths was calculated to be 0.58 and 0.57 respectively. Thenithick film should
hence support up to 50 and 20 modes at the pump and laser wavelengths respectively, and is
therefore a highly multi-mode structure.

Propagation losses were estimated through transmission measurements at wavelengths out-
side of the Tm* 3H,; manifold absorption band using a tunable Ti:sapphire laser, specifically
730 nm and 850 nm. Assuming a 100% launch efficiency, the loss coefficart be calcu-

lated using Eq. (1):
Pout
= (g @

wherely, is the waveguide lengtiR is the Fresnel reflectance at each waveguide facet and
Pn/out are the respective incident and out-coupled powers of the probe beam. For our 8 mm-
long waveguide, assuming the Fresnel reflectance of pure yttria R = 9.9%, losses are estimated
to be~2 dBcnt! at the probe wavelengths (losses at longer wavelengths are expected to be
lower due to a smaller Rayleigh scattering coefficient).

The average density of particulates of heigit0O0 nm and>50 nm on the film surface
was measured as (2%81.3)x10% cm 2 and (15+ 2.4)x 10* cm 2 respectively. Barrington et
al [19] analysed the effect of particulates on propagation loss in PLD-grown laser waveguides
based on films of @Gas01, (GGG), a cubic crystal with a similar refractive index to yttria
(~1.96), grown on YAG substrates. While a direct comparison of loss values may not be valid
due to the difference in material properties and growth conditions, it can still be helpful as
a guide. In the GGG case, the particulate densities we have measured would be expected to
result in losses of much lower than 1 dBch Our estimated losses e§2 dBcnt ! hence
suggest that particulates may not be the only source of loss in our waveguide. Other factors
potentially resulting in additional scattering and subsequent loss (not quantified) include local
areas of poor-quality facet polishing and strain-induced birefringence, as well as scattering at
grain boundaries and/or areas of non-cubic growth. It is expected that further study of film
growth mechanisms may help to explain these additional sources of loss.

To determine the optimum pump wavelength, the relative absorption spectrum of the waveg-
uide was measured by tuning the Ti:sapphire pump laser in 0.1 nm steps across a range of
790-810 nm (see Fig. 3). The maximum absorption coefficientas determined to be 1.45
cm L atapump wavelengthp = 796.5 nm, corrected for the propagation losses determined at
the out-of-band (i.e. non-absorbing) probe wavelengths, consistent with that observed in bulk
crystal [2,22]. Previously reported absorption cross section data is shown in Fig. 3 for compar-
ison.

2.4. Spectroscopic characterization

Lifetime and emission measurements were performed at room temperature. Phachs

were excited to theitH, level using the output of a fibre-coupled laser diode operating at 793
nm. The pump beam was focussed onto the face of the waveguide, perpendicular to the plane
of the film and close to one edge; while theu® fluorescence from th#F, energy level, was
captured as it exited the waveguide facet. At 3 W peak power and with a pump beam size at the
film of 600 um diameter, the incident irradiance was 1 kWcm 2. The waveguide facet and

2 um emission were reimaged onto a Thorlabs DET10D InGaAs detector with a germanium
filter covering the active area, passing only the longer wavelength of interest. To determine
the lifetime of the upper laser level the pump was modulated with 5 ms pulses at a 10% duty
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Fig. 4. Measured fluorescence emission spectrum of th&TY¥pO3 waveguide (black),
with data previously observed for bulk crystal [20] shown for comparison (red).

cycle (i.e. 5 ms pulse at a period of 50 ms), enough time for the system to reach steady-state
conditions.

A fluorescence lifetime of = 3.44+ 0.01 ms was determined from the exponential decaying
signal recorded using an Agilent MSO6104A digital oscilloscope. This is in good agreement
with values reported for bulk TAi:Y,03 with lifetimes of 4.15 ms (1 at.% T#v [2]) and
3.2 ms (2 at.% Tri* [20]). Figure 4 shows the emission spectrum measured with an ANDO
AQ6375 optical spectrum analyser using a spectral bandwidth of 2 nm, along with data ob-
served for bulk crystal [20] for comparison. The spectral profiles of waveguide and bulk are al-
most identical. This agreement indicates correct substitutional occupation for the thulium ions,
which is not always the case for PLD grown thin films; in the case of GGG growth on YAG,
for example, the spectral match between bulk and film crystal is poor due to non-stoichiometric
growth and incorporation of RE ions in non-radiative sites [21].

3. Laser experiments

2 um laser emission from théF, — S3Hg transition of Tn¥t starts with excitation into the

3H4 manifold and subsequent population redistribution either by cross-relaxation or energy
migration into the’F4 metastable level. The former process can provide an efficient pumping
mechanism with up to two excited ions created for one pump photon, as has been exploited pre-
viously in a high-power T :YAG planar waveguide laser [1]. This effect is dependent upon
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Fig. 5. Setup of the TR :Y,03 waveguide lasing experiments. Abbreviations are as fol-
lows: MM — metal mirror; L1 — in-plane collimating cylindrical lens; L2 — aspheric lens;
IC — input coupling mirror; OC — interchangeable output coupling mirror; L3 — collection
lens.

the proximity of the Tm* to neighbouring dopant ions, hence the higher RE ion concentration
for yttria per atomic substitution (compared to YAG) should enable sufficient cross-relaxation
rates at lower doping levels as reportedly used in early bulk crystal experiments [22].

The experimental setup of the end-pumped laser is depicted in Fig. 5. It consists of a tunable
Ti:sapphire pump laser, a 100 mm focal length cylindrical lens, an 11 mm focal length aspheric
lens, a thin pump input coupling mirror (IC), the waveguide, and various interchangeable bulk
output coupling mirrors (OC). A collection lens (NA = 0.16) was used after the output coupling
mirror to transfer the 2um light to a thermal detector covered by a 3 mm-thick longpass filter
to reject the transmitted pump light.

The near-diffraction-limited pump source was tuned to match the maximum absorption peak
around 797 nm and its optical power set by a variable metallic neutral density filter, providing
a maximum incident power of 600 mW after the variable filter. In the waveguide’s fast-axis
(guiding direction), the incident pump light was focused down to a waist ofiB\&t the input
facet, significantly smaller than half the thickness of the active layer. The NA of the input pump
lens was 0.25, much less than the acceptance NA of the waveguide, hence our assumption for
a 100% launch efficiency (neglecting interface reflections). In the other (unguided) direction
the beam was either collimated, with a beam waist ofitB0positioned approximately midway
along the waveguide, or diverging from the pump focus at the input facet i.e. a beam waist of
3.6 um. The former configuration, achieved by placing the cylindrical lens before the input
coupling aspheric, provided a good overlap between the pump beam width and cavity mode in
the unguided axis throughout the whole waveguide. The latter configuration, however, provided
higher inversion density at the input facet, at the expense of the overlap efficiency: the pump
beam radius spread t6350 um at the exit facet of the waveguide (calculated assuming no
lensing effects in the plane), and was hence significantly larger thanZBeim-radius cavity
mode.

A quasi-monolithic optical resonator was made by butt-coupling plane parallel mirrors to the
uncoated waveguide facets with a Fluorinert FC-70 fluid interface for the thin mirrors, holding
them in place and acting as an index matching fluid. Four different OCs were investigated in
total, with reflectance values 6f99.5%, 94%, 90% and 85% at the laser wavelength. The pump
transmittance of the HR IC was 92% and each of the other mirrors also had high transmission
at this wavelength, leading to a single pass of the pump light. The waveguide was fixed to an
aluminium pedestal on a 3-axis translation stage and was not actively cooled.
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Fig. 6. Laser output power versus incident pump power for configuration (a) collimated
in-plane pump (aspheric and cylindrical coupling lenses), and (b) diverging in-plane pump
(single aspheric coupling lens).

Laser action was observed for both pump configurations, with the respective performance
shown in Fig. 6. Despite an emission cross section that extends outgon4], in all cases a
laser wavelength 0£1950 nm was observed, consistent with that reported for bulk crystal ex-
periments [22]. This is due to the fact that the terminating laser level is in the ground-state, and
the effective gain is dependent upon the difference between the emission and absorption cross
sections at the lasing wavelength. Due to the relatively high gains required to overcome the
losses in our system, and given that an effective inversion between the ground and upper laser
level, 3, of greater than 12% favours the shorter wavelengths [22], it is clear why this wave-
length is observed for this system; it should be noted thgb fo20% the emission wavelength
would most likely switch to~1933 nm, where the strongest emission cross section occurs [22].

With a HR+HR cavity the lowest observed laser threshold in the first configuration was 50
mW. Higher output power was achieved in the second configuration with only the aspheric
input coupling lens, as can be seen in Fig. 6(b). A maximum output power was obtained with
the 85% reflective OC, with 35 mW measured for 600 mW of incident pump power with a
slope efficiency 0f-9%. The same slope efficiency was observed for the lowest reflectance OC
in both configurations. A scanning slit beam profiler (Datarays Beam Scope P8, InAs detector
with a single 5um slit width), horizontally and vertically matched to the generated laser beam,
was used to estimate the beam quality parameté) {iMthe guided direction. A value of %

2.9 was obtained at full laser power.

Optical round trip losses were estimated by measuring the relaxation oscillation (RO) fre-
guency as a function of the pump power with respect to the threshold power, including reab-
sorption at the laser wavelength [23]. The experimental setup was similar to Fig. 5, but with the
addition of a mechanical chopper placed before the input coupling lenses. The thermal detector
was replaced by a biased InGaAs detector connected to a digital oscilloscope.

For a system with reabsorption losses, the RO angular frequeggig given by Eq. (2) [23]:

NogcC R
2 1 al )( P 1) 2
wRo—Vch( + Ve Poth (2)

wherey, is the cavity decay ratg; is the fluorescence decay rafg,is the pump poweR, is
the threshold pump poweN, is thulium concentrationg is the absorption cross section at the
laser wavelengthg is the speed of light in vacuum, amds the refractive index of the active
medium at the laser wavelength. The lass obtained from the gradient of the linear fit to the
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RO angular frequencies, as per Eq. (2) and shown in Fig. 7, through the cavity decgy, rate
and other physical parameters via Eq. (3):

L=1— 1 3)

RinRoue exp( 2422 )

whereRjn and Ry are reflectance values for the IC and OC mirrors &pdis the optical

path length of the cavity. A round trip loss value lof= 5.8 + 0.7 dB was obtained for the
HR+HR cavity, highlighting that additional losses were incurred at the mirror/facet interfacesin
comparison to the simple propagation losses measurementin section 2.3. Even higher round trip
losses were obtained for the bulk OCs, a consequence of the small gap between the waveguide
facet and mirror.

4, Conclusion

In summary, we have demonstrated the first Tm-doped yttria planar waveguide laser to our
knowledge, grown by PLD. A maximum output power of 35 mW at 1195 was achieved

with a 9% slope efficiency. The I2m-thick film was highly textured in th€111} orientation

with an average particulate density of (%81.3)x10° cm 2 (particulates of height-100

nm). Moderate propagation and mirror coupling losses currently limit the performance, as there
was no sign of roll-over in the power curve even at the relatively high pump power densities

investigated without any active cooling. Further improvement in performance is expected with

improved film quality and direct coating of the waveguide end-facets, opening up a range of
potential 2um high power applications from these compact gain modules.
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