Laser Phys. 27 (2017) 045801 (6pp)
doi:10.1088/1555-6611/aa5c15

Graphene Q-switched Tm:KY(WOQO.), waveguide laser
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Abstract We report on the first Tm3*-doped double tungstate waveguide laser
passively Q-switched by a graphene saturable absorber using a 12.4 ym-thick
3 at.% Tm:KYos58Gdo22Luo.17(WOa)2 epitaxial layer grown on a (010)-oriented
pure KY(WOas)2 substrate. This laser generated 5.8 nd / 195 ns pulses at
1831.8 nm corresponding to a pulse repetition frequency of 1.13 MHz. These
are the shortest pulses achieved in passively Q-switched Tm waveguide la-
sers. The laser slope efficiency was 9% and the Q-switching conversion effi-
ciency reached 45%. Graphene is promising for the generation of ns pulses at
~2 um in Tm3-doped double tungstate waveguide lasers operating in the
MHz-range.
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1. Introduction

In recent years, a lot of attention has been paid to the development of lasers emitting at
~2 um. Such an emission corresponds to the absorption bands of a number of atmospheric
gases (H20, CO2, N20) and it is eye-safe. This determines open-space applications of ~2 um
lasers, e.g. in range-finding (LIDAR systems), atmospheric sensing and wind mapping. Strong
water absorption at ~2 um reduces the penetration depth of this radiation into the bio-tissues
which is of enormous importance in medicine. The development of ~2 um lasers with wave-
guide geometry [1-4] makes them attractive for integrated optics, e.g., for various gas and bio-
molecule on-chip sensors.

Trivalent Thulium (Tm?3*) ions are commonly used to generate ~2 um laser emission by
the 3F4 — 3He transition [5]. Tm lasers can be efficiently pumped at ~0.8 ym (®He — 3Has ab-
sorption band) using commercial high-power AlGaAs laser diodes. An unique feature of the
Tm?*" ions is the cross-relaxation (CR) process, *H4 + 3Hs — 3F4 + 3F4, which leads to the exci-
tation of two adjacent ions to the upper laser level by the absorption of a single pump photon
[5]. The CR process enables a rather high slope efficiency of Tm lasers [6]. In addition, Tm
lasers provide broad tuning of the laser emission at ~2 um.

Monoclinic double tungstates, KRE(WOa)2 or shortly KREW where RE = Gd, Y or Lu,
are very suitable hosts for Tm3* doping and they have been successfully used for the devel-
opment of efficient bulk and waveguide lasers at ~2 ym [7,8]. Particularly for the waveguide
geometry, the concept of “mixed” active layer host, KGdxYyLu:W (x + y + z =1), has been to
provide (i) optimum refractive index contrast and (i) optimum lattice-matching with respect to
the undoped substrate, usually KYW, as well as (iii) to ensure high doping levels of active ions
[9-11]. High optical quality and low propagation loss (< 0.2 dB/cm) few um-thick films of
Tm:KGdxYyLu-W have been grown on bulk KYW substrates and continuous-wave (CW) [4,6,
12] and passively Q-switched (PQS) [13] laser operation has been reported to date.

Regarding PQS Tm:KGdxYyLu:W waveguide lasers, polycrystalline Cr?*:ZnSe has been
used as a saturable absorber (SA). This laser generated 1.2 mW at 1845 nm producing 120
nd / 1.2 ps pulses at a pulse repetition frequency (PRF) of 7 kHz [13]. The drawback of the
Cr?*:ZnSe absorber was its high scattering loss. Carbon nanostructures (graphene and single-
walled carbon nanotubes) are emerging in recent years as broadband SAs for bulk and wave-
guide lasers [14-16]. Graphene, a single layer of carbon atoms arranged in a honeycomb lat-
tice, shows a broadband constant absorption of ~2.3%, ultrafast saturable absorption [17]
characterized by low saturation intensity, good thermo-mechanical properties and reasonable
laser damage threshold. Due to its special band structure, the graphene-SA is especially suit-
able for ~2 um lasers because the saturation intensity at this wavelength (~0.6 MW/cm? for ns-
pulses) is lower than at ~1 um [18,19] and, consequently, complete bleaching of the SA can
be easily achieved.

Graphene-SAs have been successfully employed for passive Q-switching of bulk lasers
at ~2 uym [20-22]. Regarding waveguide lasers, graphene has been mostly studied in ~1 um
PQS oscillators (based on Nd**- and Yb**-doped hosts) [16,23]. Two absorber geometries
have been studied, the first based on transmission-type SA and the second based on evanes-
cent-field interaction with the SA. At ~2 um, graphene PQS and Q-switched mode-locked
Tm:YAG and Tm:ZBLAN glass waveguides have been studied [24,25]. In the present work,
we report on the first graphene PQS Tm double tungstate waveguide laser capable of gener-
ating nanosecond pulses at ~2 um.

2. Experimental

2.1 Waveguides

The studied sample consisted of a bulk undoped KYW substrate, Tm®*-doped lattice-
matched active layer and undoped KYW cap layer. At first, the KYW bulk sample was grown



by the Top-Seeded Solution Growth (TSSG) slow-cooling method. It was cut parallel to the
(010) natural face and polished with very high quality. The active layer had a composition of
KYo058Gdo22Luo.17TmoosW. It was grown by the Liquid Phase Epitaxy (LPE) method from a so-
lution with a molar ratio solute/solvent of 7/93. Potassium ditungstate, K2W207, was used as a
solvent. The reagents K2COs, Gd203, Y203, Lu203, WO3, Tm203 and Ho20s (Sigma-Aldrich)
used were with 99.9% purity. The growth of the active layer was carried out for 5 h at 4 K be-
low the saturation temperature, Ts = 1173 K. The actual Tm concentration in the active layer
was determined by Electron Probe MicroAnalysis (EPMA), Ntm = 1.75%10%° cm3 (3 at%). The
as-grown active layer was ~80 um thick. It was polished down to 12.4 um. On the active layer,
a cap layer of undoped KYW was grown by LPE. After polishing it, the thickness of this layer
amounted to 58 um. The fabricated sample (we will refer to it further as Tm:KYW waveguide)
was oriented for light propagation along the Ny axis of the optical indicatrix. The refractive index
contrast between the active layer and substrate and cap layer was estimated from the availa-
ble Sellmeier equations [11], which were fitted to measurements with an accuracy of An
~0.002 at the laser wavelength. Both Ng-faces of the sample were polished to laser quality,
resulting in a length of 5.0 mm. An Environmental Scanning Electron Microscope (ESEM,
Quanta 200 ESEM model) back-scattering image obtained for the polished end-face of the
sample is shown in figure 1.

2.2 Laser set-up

The scheme of the laser set-up is shown in figure 2(a). The Tm:KYW waveguide sample
was placed on a passively-cooled glass substrate. The laser cavity consisted of a flat pump
mirror (PM) that was antireflection (AR) coated for 0.7—1 ym and high-reflection (HR) coated
for 1.8-2.1 um and a flat output coupler (OC) providing a transmission of Toc = 5% at 1.8-2.1
pum. A transmission-type graphene SA was inserted between the waveguide and OC. All ele-
ments in the cavity were placed as close as possible.

As a pump source, we used a Ti:Sapphire laser (Coherent, model MIRA 900) tuned to
802 nm (3He—3Ha transition of Tm** ions). The polarization of the pump beam was adjusted to
be along the Nim-axis of the active layer. The pump light was coupled into the waveguide with a
10x microscope objective lens (NA: 0.28, focal length: 20 mm). The incident pump power was
varied with a gradient neutral density filter placed in front of the objective. The pump beam ra-
dius in the focus was 32 pm. The measured small-signal pump absorption was ~70% and the
absorption dropped to ~60% for the highest pump power. The efficiency of the pump light
coupling into the waveguide was estimated from the geometrical overlap of the pump beam
and the active layer cross-section to be ~24%. The waveguide laser signal was separated
from the pump with a cut-off filter and collimated with a 40 mm aspheric lens. Pumping of the
waveguide resulted in a bright bluish upconversion, figure 2(b).

The emission wavelength was detected with an optical spectrum analyzer (Yokogawa
AQB375). The far-field profile of the guided mode was analyzed using a FIND-R-SCOPE near
IR camera. A fast InGaAs photodiode (rise time: 200 ps) and a 2 GHz digital oscilloscope were
used for recording the Q-switched pulses.

2.3 Saturable absorber

A commercial transmission-type single-layer graphene (Supermarket graphene) was
employed. It was fabricated by the chemical vapour deposition (CVD) method and deposited
on a 1.05 mm-thick uncoated fused silica substrate. The initial (small-signal) transmission of
the graphene layer at ~2.06 ym was 97.7%, determined as T(graphene+substrate) /
T(substrate), see figure 3(a). The number of graphene layers (one) was confirmed by Raman
spectroscopy with the ratio (~0.2) between the integral intensities of the G and 2D Raman
bands, see figure 3(b). According to our previous studies, the saturation intensity of the studied



graphene for ns pulse duration is kat = 0.6 MW/cm? and the saturable absorption a's = 0.12%
[22].

3. Results and discussion

At first, we studied the CW laser performance of the Tm:KYW waveguide (with the SA
removed from the cavity), see figure 4. This laser generated 14.4 mW at 1835.4 nm with a
slope efficiency n of 18% with respect to the absorbed pump power. Lasing occurred at a
threshold of Pabs = 38 mW.

Stable passive Q-switching was achieved when inserting the graphene-SA in the cavity.
The maximum average output power reached 6.5 m\W at a wavelength of 1831.8 nm corre-
sponding to n = 9%, figure 4. The laser threshold was at Pass = 51 mW. The conversion effi-
ciency with respect to the CW operation mode rnopt reached 45%. The blue-shift of the emis-
sion wavelength for the PQS laser is explained by increased intracavity losses due to the in-
sertion of the graphene-SA and it is typical for quasi-three-level Tm®* lasers. For both CW and
PQS regimes, the laser output was linearly polarized (E || Nm). The output beam of the laser
was multimode and strongly elliptic, see inset in figure 4(a). According to the dispersion relation
[26], the studied waveguide supports two transversal electric (TE) guided modes in the vertical
direction, namely for m = 0 (TEo) and m = 1 (TE1) at a wavelength of ~1.84 um.

The dependence of the pulse characteristics (pulse duration, Ar, determined as full width
at half maximum, FWHM, pulse repetition frequency, PRF, pulse energy, Eout = Pou/PRF, and
peak power, Ppeak = Eou/AAT), are shown in figure 5. When the absorbed pump power increased
from 75 to 126 mW, the pulse duration shortened from 312 to 195 ns and the pulse energy
increased from 2.3 to 5.8 nd. This was accompanied by a nearly linear increase of the PRF, in
the range 0.73-1.13 MHz. The maximum peak power reached ~30 mW.

The output characteristics of the graphene-SA PQS Tm:KYW laser were modeled with a
“fast” SA model, see details in [19,22]. The parameters of the active material [7,11,12] and the
SA [22] used for the calculations are summarized in table 1. Here for the active layer, we used
the spectroscopic parameters reported previously for Tm:KLuW [7]. The results of the model-
ing are presented in figure 5 as solid curves. The modelling shows a very good agreement
with the experimental data. At Pass = 126 mW, it predicts the generation of 7 nd / 215 ns pulses
at PRF = 1.16 MHz. The round-trip resonator loss estimated from the modelling is ~7%.

The oscilloscope trace of the shortest single Q-switched pulse and the corresponding
pulse train are shown in figure 6. The intensity instabilities in the pulse train are <10% and the
rms pulse-to-pulse timing jitter is <15%. The Q-switching instabilities in the studied laser are
caused mainly by the temporal fluctuations in the output of the Ti:Sapphire laser and to less
extend — to the heating of the graphene-SA by the non-absorbed pump [20]. No damage of
the graphene-SA was observed while the long-term stability of the PQS laser was limited by
the above-mentioned fluctuations of the Ti:Sapphire laser. The calculated pulse train corre-
sponding to Pabs = 126 mW is shown in figure 7. It agrees well with the experimental data.

A comparison of the output characteristics of the PQS Tm waveguide lasers reported so
far is presented in table 2. The pulse duration achieved with the present graphene-SA PQS
Tm:KYW laser is much shorter than in the previous reports.

Future work with graphene PQS Tm3'-doped double tungstate waveguide lasers should
focus on the channel waveguide geometry. Channel waveguides can be fabricated either by
microstructuring of a planar waveguide prepared by LPE, or by direct writing in a bulk Tm3*-
doped crystal with a femtosecond laser. The latter can be done in crystals with a conventional
composition, e.g. Tm:KLuUW. In addition, an increase of the Tm doping level to >5 at.% is desir-
able to reach a laser quantum efficiency of >1.95 owing to an efficient CR [6]. This will increase
the laser slope efficiency and allow for further power scaling, as well as provide much better
conditions for the bleaching of the graphene-SA due to a much smaller size of the laser mode.



The direct deposition of graphene on the waveguide end-face will ultimately reduce the SA in-
sertion losses. Further shortening of the pulse duration and scaling of the pulse energy is ex-
pected when using the SA with higher modulation depth, e.g. containing several graphene lay-
ers. However, this layer stacking might lead to increased scattering on the layer-to-layer inter-
faces and, consequently, larger fraction of non-saturable losses. In this way, different nanostruc-
tured SAs, e.g. based on single-walled carbon nanotubes [22] or few-layer MoS: [27], which are
known for their relatively low non-saturable losses, could be an alternative.

4. Conclusion

We report on the first ~2 um double tungstate waveguide laser passively Q-switched by
a graphene-SA. The laser is based on a buried 3 at.% Tm?>-doped KYo0.58Gdo.22Luo.17W lattice-
matched active layer grown on an undoped (010)-oriented KYW substrate. It generates 5.8 nJ
/ 195 ns pulses at a pulse repetition frequency as high as 1.13 MHz and at a wavelength of
1831.8 nm. This represents the shortest pulse duration achieved with PQS 2 um waveguide
lasers. The Q-switching conversion efficiency reached 45%. The graphene-SA is very prom-
ising for the generation of sub-100 ns pulses in the MHz-range if employed in channel Tm3*-
doped double tungstate waveguide lasers. A recent demonstration of Ho** lasing in a Tm,Ho-
codoped double tungstate waveguide [28] may enable the generation of ns pulses at wave-
lengths longer than ~2 ym. Indeed, graphene PQS of a bulk Tm,Ho:KLuW laser has been
already demonstrated [29].
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Table 1 Material properties of the active layer (at a wavelength of
1.84 um, for light polarization E || Nm, where applicable) and gra-
phene-SA used for the modelling of the Q-switched laser perfor-

mance.
Parameter Notation Value
Active layer, “mixed” Tm:KYW
Tm?3* concentration Ntm 1.75%10%° cm3
Absorption cross-section [7] OPabs 5.2x10%° cm?
SE cross-section [7] O‘se 2.6x102° cm?
Reabsorption cross-section [7]  Glabs 1.0x102° cm?
Lifetime of Tm3* [7] 1(Fa4) 0.8 ms
Quantum efficiency [12] Nq 1.66
Refractive index [11] nam 1.995
Length tamv 5.0 mm
Graphene-SA
Initial absorption a 2.3%
Saturable absorption [22] d's 0.12%
Saturation intensity [22] Jsat 0.6 MW/cm?
Refractive index (SiOz2) nsa 1.439
Thickness fsa 1.05 mm

Table 2 Summary of the PQS Tm-doped waveguide lasers reported so far.

Gain Geometry/ SA Post, T,ns Eout, PRF, Ppeak, Ref.
material fabrication* mw nJ kHz mw

Tm:KYW  planar/LPE graphene 65 195 58 1130 30 This work
Tm:KYW  planar/LPE Cr?*:ZnS 12 1200 120 10 100 [13]
Tm:ZBLAN channel/fs  graphene 6 1400 240 25 170 [24]
Tm:YAG channel/fs graphene 6.5 <500 95 684 ~20 [25]

*LPE - liquid-phase epitaxy, fs — femtosecond-written.
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