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MoS; saturable absorber for passive Q-switching
of Yb and Tm microchip lasers
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Abstract: A multi-layer MoS,-based saturable absorber (SA) enables Q-switched operation
of Yb and Tm microchip lasers. The saturation intensity of MoS,-SA is determined to be
about ~0.5 MW/cm®. The Q-switched Tm laser generated 1.27 W at 1929 nm with a slope
efficiency of 43% and conversion efficiency with respect to the continuous-wave mode as
high as 81%. The pulse characteristics were 175 ns / 7.5 pJ corresponding to a repetition rate
of 170 kHz. With the Q-switched Yb laser, 220 ns / 0.5 puJ pulses were achieved at 1030 nm.
We show that using MoS,-SA at ~2 um is advantageous as compared to multi-layer graphene.
We also prove that MoS,-SA is more efficient at ~2 um compared to ~1 pum due to a lower
saturation intensity and higher fraction of the saturable loss.

©2016 Optical Society of America
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1. Introduction

Transition metal dichalcogenides (TMDs) are materials with chemical formula MX, where X
=S, Se or Te and M stands for a metal like Mo or W [1]. Bulk TMD materials and, in
particular, molybdenum disulphide, MoS,, are formed of monolayers bound to each other by
weak Van-der-Waals forces. In the layers the atoms are strongly bonded by covalent forces
[2]. Bulk MoS; is hexagonal (2H, space group P6;/mmc, the same as for graphite), with lattice
constants @ = 3.16 A and ¢ = 12.29 A [2]. Each MoS, monolayer is composed of three atomic
layers (two layers of S atoms and one layer of Mo in between). Each Mo atom is bonded to
six S atoms and each S center is pyramidal and bonded to three Mo atoms. The thickness of a
MoS, monolayer is ~6.5 A. Bulk MoS, is an indirect bandgap semiconductor (E, = 1.23 eV)
while an ideal monolayer is characterized by a direct bandgap of £, = 1.8 eV (4, = 690 nm)
[3,4]. However, it is known that the introduction of defects due to a violation of the ideal
Mo:S ratio (1:2), in-plane strains or stacking of several monolayers in sheets can strongly
affect the band structure of MoS; [5,6]. As a result, similar to graphene [7], £, may reach very
small values providing broadband linear absorption in the visible and near-IR [6].

In addition to the broadband absorption, 2D MoS, structures exhibit absorption saturation
in a broad spectral range from the visible up to ~2.1 um [6,8,9], similarly to another 2D-
materials: graphene [10] and black phosphorus [11]. This effect is related to the finite density
of states in the conduction band (CB) in accordance with the Pauli blocking principle, so that
at a certain intensity of the incident light, the excitation of carriers from the valence band
(VB) to the CB is blocked and bleaching occurs. 2D MoS, possesses relative low saturation
fluence and ultrafast recovery time of the initial absorption, together with good mechanical
properties [8,9]. These properties facilitate the use of 2D MoS, structures as nonlinear optical
elements (saturable absorbers, SAs) in pulsed (Q-switched and mode-locked) bulk and fiber
lasers [6,12,13]. In passively Q-switched (PQS) bulk lasers, MoS, SA was exploited in Pr**
(at ~0.6 um) [14], Yb*" (at ~1 um) [15,16], Nd** (at ~1 and ~1.3 um) [6,17], Tm*" and Ho"
(at ~2-2.1 um) [6,18] oscillators. However, the achieved pulse characteristics are still inferior
compared to lasers PQS by carbon nanostructures (graphene and single-walled carbon
nanotubes, SWCNTSs) [19-22]. MoS, is a “fast” SA and it can produce ns pulses at high
repetition rates (ranging from hundreds of kHz potentially up to few MHz), so that it can be
an alternative to semiconductor saturable absorber mirrors (SESAMs). In particular, MoS,
can operate in the spectral range around ~2 um where the SESAM technology is not mature,
while the synthesis of 2D MoS, materials is relatively easy. In comparison with graphene,
MoS, may potentially show higher modulation depth and smaller non-saturable losses, which
is crucial for the increase of the pulse energy and shortening of the laser pulses. As compared
with SWCNT-based SAs, MoS,; layers do not require to be embedded into a polymer thin film
which can limit the resistance to laser damage.

One way for the ultimate shortening of the laser pulses in PQS oscillators is the use of the
microchip design with both gain material and SA placed in a compact plano-plano laser
cavity resulting in a short cavity roundtrip time [23]. Low losses inherent to the microchip
set-up are also advantageous to increase the laser efficiency and the pulse energy. The use of
the microchip concept together with SAs based on graphene and SWCNTs helped to
significantly improve the pulse characteristics for PQS lasers [19,21]. In the present work, we
report on the first application of few-layer MoS, SA in Yb (at ~1 pm) and Tm (at ~1.9 pm)
microchip lasers. In the latter case, we show that the MoS;-based SA performs better
compared with its 2D SA counterpart, graphene.

2. Experimental
2.1 Saturable absorber

The saturable absorber was prepared by Pulsed Laser Deposition (PLD) using polycrystalline
MoS, as a starting material [6]. An optical-grade quartz glass wafer (diameter: 25 mm,
thickness: 1.0 mm) was used as a substrate. The MoS, target was cold pressed into a 40 mm
diameter pellet from the polycrystalline powder. A 248 nm KrF excimer laser (Compex Pro
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201, Coherent Inc.) with a pulse duration of 20 ns was used to ablate the target. A pulse
energy of 600 mJ, pulse repetition frequency of 5 Hz and a total number of pulses of 300
were used for the deposition. The base pressure of the vacuum chamber raised from ~8.9 X
10 Pa to 5 x 10~ Pa during the deposition. In order to enhance the uniformity of the film,
both target and substrate were rotated, and the substrate temperature was fixed at 300 °C.

The morphology of the synthesized sample was studied by Atomic Force Microscopy
revealing a thickness of the MoS, film of ~20 nm corresponding to the presence of about ~30
MoS, layers if considering an individual layer thickness of ~0.65 nm and their bonding by
Van der Waals interaction. The intrinsic transmission of the film was determined as 7(film)
= T(film + substrate)/T(substrate), see Fig. 1(a). The transmission spectra were measured
using a Varian CARY-5000 spectrophotometer. A significant rise of absorption below 1 pm
is visible which is attributed to scattering loss. The sample shown in the inset of Fig. 1(a)
appeared transparent with a slight grey-tint. At ~1.92 pm, 7; was 95.7% and at ~1.03 pm, it
was 91.2%. In the spectrum, a weak and broad band below 1 um with two poorly resolved
peaks at ~400 and 450 nm is observed (marked by # in Fig. 1(a)). These features are typical
for defect-free MoS, nanosheets and they are related to two (denoted as D and C,
respectively) of the four possible electronic inter-band transitions [9]. In dispersed MoS,,
these four transitions are observed at 403, 451, 613 and 674 nm (D, C, B and A transitions,
respectively) [9]. Thus, the intense broadband absorption spanning from ~1 up to ~2 um in
Fig. 1(a) cannot be related to the D—A transitions of defect-free MoS, nanosheets. As
mentioned above, we attribute this absorption to the modification of the band structure of
MoS, due to defect states, strains and the multi-layered nature of our sample.

100 3 1.0
—_ —— bulk MoS
of, 90 ,__\0_8 MoSZ/quazrtz
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S 80 © 0.6
® =
(2]
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Fig. 1. MoS, saturable absorber: intrinsic transmission spectrum, # indicates the D and C
electronic inter-band transitions (a), Raman spectrum compared with that of polycrystalline
MoS,, * denotes bands due to the quartz substrate (b), open-aperture Z-scan experiment (c) and
the corresponding absorption saturation curve measured at 1.06 um under ps excitation (d):
points — experimental data, red curve — fitting with Egs. (1)-(2).

The presence of MoS, was confirmed by Raman spectroscopy, Fig. 1(b). The bulk MoS,
shows four Raman bands at ~34, 286, 383 and 409 cm™' [24]. The vibrational 383 cm™' band
(Elzg) is assigned to the motion of the Mo + S atoms in the x-y layered plane of the unit cell.
The vibrational 409 cm™ band (A,) is assigned to the motion of the S atoms along the z axis
of the unit cell. The full width at half maximum (FWHM) of such bands is 7.92 and 7.98
cm™, respectively [24]. For our MoS, film, the Elzg and A, bands are clearly observed in the
Raman spectrum at 382 and 408 cm™' and the corresponding FWHM of these bands is 15.4
and 13.2 cm™, respectively. The broadening of the Elzg band results mainly from the disorder
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generated in the x-y layered plane of the material. For the MoS, film, a weak and broadband
Raman signal at 180-240 cm™ is observed. Its appearance is also related to the presence of
defects.

The absorption saturation of the MoS,-based SA was studied by the Z-scan method. For
this measurement, the SA was translated along the focused beam from a pulsed laser
providing a variation of the incident laser intensity. By considering spatial and temporal
distribution of the laser intensity, the measured intrinsic transmission of the MoS, SA is:

1 +oo 27T oo

Tp(D=— [ [ [ rtie. oM pyrdrabat, (1)
0 0 —oo
with

27 42

I(r,t):IOeW’%e v ,where / =#, (2a)
Tw,T*

o= +———, 2b
( ) NS 1+(I/Isat) ( )
o, =1-T, =0+ 0, (2¢)

where, 7 and @ are the polar coordinates, ¢ is time, E is the incident pulse energy, / is the
incident instantaneous laser intensity, 7(/) = 1 - a'({) is the intensity-dependent transmission
of the sample (a'(/) is the intensity-dependent absorption) [6,8], [, is the peak on-axis laser
intensity, wy is the radius of the laser beam on the sample (calculated at the 1/ level,
assuming a Gaussian beam profile), 7* =1.067 is the effective pulse duration (assuming a
Gaussian temporal shape of the laser pulses, 7 is the pulse duration at the '2 level, e.g.
FWHM), [, is the saturation intensity, a's and a'ys are the saturable and non-saturable
absorption, respectively, and «'y is the initial (small-signal) absorption of the MoS,-based SA.
In Eq. (2)b), the two-photon absorption (TPA) is neglected. As excitation source, we
employed a mode-locked Nd-doped laser generating at 1063.6 nm with the following
characteristics: £ = 1.12 nJ, PRF = 58.15 MHz, 7 =2 ps. The laser beam was focused to a spot
size of 2wy = 91.9 pum corresponding to a Rayleigh length of zzg = 6.23 mm. The studied
sample was few-layer MoS, deposited on a 1 mm-thick quartz substrate. The measured open-
aperture Z-scan curve was fitted by using Eqgs. (1)-(2) with Iy and a's as free parameters. The
results are shown in Fig. 1(c),1(d). The Fresnel losses are subtracted. The small-signal
absorption of MoS, SA is a'y = 8.05% and the best-fitting parameters are I, = 0.50 = 0.05
MW/cm? and o's = 0.97 + 0.05%. Thus, the ratio of the saturable absorption to the small-
signal one, a's/a'y = 0.12 £ 0.01.

For comparison in the PQS laser experiments, a commercial transmission-type graphene-
SA was chosen. It consisted of a 1.05 mm-thick fused silica substrate with multi-layer
graphene deposited by chemical vapor deposition (CVD). Different layers were deposited
subsequently. The intrinsic small-signal transmission 7y was 94.5% at ~1.92 pm and 93.6% at
~1.03 pm. Thus, the mean number of graphene layers in the sample was n =2.5 (between 2 to
3 layers) considering the small-signal absorption of a single layer of carbon atoms being o'
~na = 2.3% where a = €*/fic =~1/137 is the fine structure constant. The number of carbon
layers was further confirmed by Raman spectroscopy, according to the relative intensity of
the 2D and G peaks.

2.2 Laser set-up

As laser host material, we used monoclinic KLu(WQ,), (shortly KLuW) crystals doped with
3 at.% Yb* or 5 at.% Tm’" ions. Both laser elements were cut along the N, optical indicatrix
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axis of this biaxial crystal since this orientation provides positive thermal lens. The latter is
required for the mode stabilization in a plano-plano laser cavity [25,26]. The laser elements
were 3.0(g) mm thick with an aperture of 3.0(p) x 3.0(m) mm?® (g,p,m: indices of the KLuW
optical indicatrix). Both element faces were polished to laser quality and remained uncoated.
They were mounted in a Cu-holder with cooling from all 4 side faces and In foil was used to
improve the thermal contact. The holder was water-cooled to 12 °C.

Table 1. Parameters of the Studied Laser Crystals

Crystal Cut Doping, Ngg, 1, Aperture, Aps Abs., M*,
at.% 10 cm™ mm mm? nm % mY/W
Yb:KLuW N,- 3.0 1.8 3.0 3.0(p) x 976 54 2.8,,3.5,
cut 3.0(m)
Tm:KLuW N,- 5.0 3.6 3.0 3.0(p) x 805 45 12.9,, 8.1,
cut 3.0(m)

*Sensitivity factor of the thermal lens; subscript — direction (IV, or Ny-axis) [25,26].

The scheme of the microchip laser set-up is depicted in Fig. 2(a).

The laser cavity consisted of a flat pump mirror (PM) and a flat output coupler (OC). For
the Yb-laser, PM was antireflection (AR) coated for 0.78-1.0 pm and high-reflection (HR)
coated for 1.02-1.2 pm. For the Tm-laser, it had the same AR-coating but the HR-coating was
for 1.8-2.1 um. The transmission of the OC was Toc = 5% at 1.8-2.1 um (Tm-laser) or 10% at
1.0-1.2 pm (Yb-laser), which was found to be optimum in our previous experiments with Yb
and Tm lasers PQS by a single-layer graphene SA [19,27]. The transmission-type SA (based
on MoS,; or graphene) was placed between the crystal and the OC and it was in a mechanical
contact with both optical elements. Thus, the total geometrical cavity length was equal to the
sum of the lengths of the laser element and the SA (~4 mm).

Tm:KLuW/

a Yb:KLuW

s i 3 ——Tm-laser
Fused ——Yb-laser
Silica 00

1 2 3 4 5 6
Absorbed power (W)

Fig. 2. (a) Scheme of the Yb and Tm microchip lasers PQS by a MoS;-based SA: LD — laser
diode, PM — pump mirror, OC — output coupler; (b) calculated mean radius of the laser mode
wi(SA) in the SA versus the absorbed pump power for Yb and Tm lasers (w,: pump spot
radius).

The laser element was pumped through the PM by a fiber-coupled InGaAs or AlGaAs
laser diode emitting at ~976 nm or at ~805 nm, respectively (both unpolarized). This
corresponded to the excitation of the 2F.,, — ?Fs;, or *Hg — °F, transitions of Yb*" and Tm>*"
ions, respectively. The fiber parameters for both pump diodes were: N.A.: 0.22 and core
diameter: 200 pm. The pump light was reimaged by a lens assembly (reimaging ratio: 1:1,
focal length: 30 mm) providing a mean pump spot radius of w, = 100 pm and a confocal
parameter of the pump beam of 2zz = 1.7 mm for both diodes. The M? parameter of the pump
beam was ~71 and ~86 for the InGaAs and AlGaAs diodes, respectively. The Tm laser was
single-pass pumped whereas pumping the Yb-laser was consideres as double-pass pumping
due to partial reflection of the pump on the OC (~90%). The total absorption of the pump
light for the Yb:KLuW and Tm:KLuW crystals amounted to 54% and 45%, respectively
(under lasing conditions).

The radii of the laser modes wy in the crystals and on the SAs were calculated with the
ABCD-method using the parameters of the thermal lens in Yb: and Tm:KLuW crystals
[25,26], see Fig. 2(b). The thermal lens was described as a thin lens located in the center of
the crystal. The value of w; decreases from 85 to 65 pum (assuming M? = 1) when the
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absorbed pump power P, varies from 2 to 6 W and it is very close for both lasers although
the thermal lens in Tm:KLuW crystal is much stronger. This difference is compensated by the
almost 2 times longer laser wavelength of the Tm-laser, as compared with the Yb-doped one.

A fast InGaAs photodiode with 200 ps rise time (Alphalas, model UPD-5N-IR2-P), and a
2 GHz digital oscilloscope (Tektronix DPO5204B) were used for detection of the Q-switched
pulses.

3. Experimental results
3.1 Tm laser

At first, we studied the continuous-wave (CW) performance of the Tm-laser when removing
the SA from the cavity but keeping the same total cavity length. The maximum P, was
limited to 4.9 W in order to avoid thermal fracture of the crystal. The Tm:KLuW laser
generated 1.57 W at A, = 1927-1948 nm (multi-peak spectrum) with a slope efficiency of # =
51% with respect to the absorbed pump power and the laser threshold was at 1.8 W, see Fig.
3. The laser emission was linearly polarized (E || Ny, which is in agreement with the gain
spectra [28]).

Stable Q-switching was achieved with both SAs, MoS, and graphene. For the Tm-laser
PQS with MoS,-based SA, the maximum average output power reached 1.27 W at /i = 1929
nm corresponding to # = 43%, see Fig. 3. The conversion efficiency with respect to the CW
mode was as high as #¢,,y = 81% and the threshold was at P,,, = 2.15 W. When inserting the
graphene-SA, the laser generated 1.03 W at a shorter wavelength, 1926 nm, corresponding to
lower # = 39% and #¢ony = 67%. The laser threshold was at 2.3 W. Shortening of the laser
wavelength for PQS lasers with respect to the CW operation mode, Fig. 3(b), is related to
increased intracavity losses caused mainly by the non-saturable losses (a'ys) of the SA. By
analyzing 7.,y and Ay for both SAs, we have to conclude that multi-layered graphene has
higher non-saturable loss at ~2 um. For both SAs, the laser output was linearly polarized, E ||
N
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Fig. 3. Tm:KLuW laser PQS with MoS,- and graphene-based SAs and in CW for comparison:
input-output dependences, # is the slope efficiency (a), and typical laser emission spectra at

Paps=4.8 W (b).
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Fig. 4. Tm:KLuW laser PQS with MoS,- and graphene-based SAs: (a) pulse duration, 7,
(FWHM), (b) pulse repetition frequency (PRF), (c) pulse energy, Eq = Pou/PRF, and (d) peak
power, Pyeak = Eou/T, sSymbols — experimental data, curves — numerical modeling.

The pulse characteristics of the PQS Tm-laser show strong dependence on P, Fig. 4 that
is typical for “fast” SAs. For “slow” SAs, under the conditions of single-pulse generation, the
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pulse duration and energy are weaker dependent on Py, as they are determined by the cavity
parameters and the spectroscopic properties of the laser material/SA). For MoS,-SA, with the
increase of P, the pulse duration 7 decreased from 450 to 175 ns and the PRF increased
nearly linear from 102 to 170 kHz. According to these results, we calculated the pulse energy
(Eout = Pou/PRF) and peak power (Ppeak = Eou/tT) Which reached 7.5 uJ and 42.8 W at Py, =
4.8 W, respectively. When using graphene-SA, the pulse durations were similar, ranging from
510 to 190 ns while the PRF was almost twice higher, ranging from 150 to 260 kHz. This
increase led to lower maximum Eqy = 4.1 pJ and Ppeac =22 W.
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Fig. 5. Tm:KLuW laser PQS with MoS,- and graphene-based SAs: (a) oscilloscope traces of
the shortest pulses and the corresponding pulse trains measured at Py,s = 4.8 W for MoS,- (b)
and graphene-SA (c).

The oscilloscope traces of the shortest single Q-switched pulses achieved in the Tm-laser
are shown in Fig. 5(a). The pulses exhibit nearly Gaussian temporal shape and no CW
pedestal is observed. The corresponding pulse trains for the MoS,- and graphene-based SA
are shown in Figs. 5(b),5(c). The intensity instabilities in the pulse trains are <15% and the
rms pulse-to-pulse timing jitter (the deviation of the pulse-to-pulse separation from the
average pulse period) was ~7%; both values were similar for the MoS,- and graphene-SA.
These instabilities are attributed to heating of the SA by the residual non-absorbed pump by
the laser crystal [19]. The latter could be avoided with a proper coating on the crystal end-
face. Stable PQS operation of the Tm:KLuW/MoS, laser has been achieved for tens of min.

No damage of the MoS,-SA was observed in our experiments, which allows us to estimate
the laser-induced damage threshold (LIDT) as at least 30 MW/cm® for ns-pulses (as it follows
from the calculation of the peak intracavity intensity for the Tm-laser).

3.2 Yb laser

The CW and PQS performance of the Yb-laser is analyzed in Fig. 6. For the Yb-laser, stable
PQS was achieved for P, < 5.5 W; at higher absorbed pump powers, a multi-pulse behavior
with a significant timing jitter was observed. The CW Yb:KLuW laser generated 0.93 W at
1046—-1048 nm with # = 32% and the laser threshold was at P,,; = 2.4 W. For the MoS,-SA
PQS Yb-laser, the maximum average output power was 147 mW at 1030 nm corresponding
to 7 = 7% and 7ceny = 16%, Fig. 6. The laser threshold was at P, = 3.4 W. When using
graphene-SA, the output characteristics were better as compared with those for MoS,-SA but
still poor as compared with the CW performance. The Yb-laser PQS with graphene-SA
generated 315 mW at 1032 nm with higher # = 12% and #..n = 34%, and lower laser
threshold, observed at 2.7 W. For both CW and PQS operation modes, the output from the
Yb-laser was linearly polarized, £ || N, which is also in agreement with the gain anisotropy
[28]. By comparing Fig. 3(a) and Fig. 6(a), one can conclude that MoS,-SA possesses higher
non-saturable loss at ~1 pm as compared to graphene and that both SA materials exhibit
higher losses at ~1 pm compared to ~2 pm.

The pulse characteristics of the Yb-laser show similar dependences on the absorbed pump
power as in the case of the Tm-laser, Fig. 7. The pulse duration decreased from 740 to 140 ns
and from 670 to 220 ns and the PRF increased from 170 to 320 kHz and from 125 to 300 kHz
for the graphene-SA and the MoS,-SA, respectively. However, the deteriorated output laser
performance led to relatively low pulse energies and, consequently, also to low peak powers.
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These two parameters reached 0.5 pJ and 2.2 W for MoS,-SA and 1.0 pJ and 7.0 W for
graphene-SA.
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Fig. 6. Yb:KLuW laser PQS with MoS,- and graphene-based SAs and in CW for comparison:
input-output dependences, 7 is the slope efficiency (a), and typical laser emission spectra at

Pa = 5.4 W (b).
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Fig. 7. Yb:KLuW laser PQS with MoS,- and graphene-based SAs: (a) pulse duration, (b) PRF,

(c) pulse energy and (d) peak power, symbols — experimental data, curves — numerical
modeling.

The oscilloscope traces of the shortest single Q-switched pulses and the corresponding
pulse trains for the Yb-laser are shown in Fig. 8. The temporal shape of the single pulses is
slightly asymmetric and the intensity instabilities in the pulse trains are much higher (~25%)
than in the case of the Tm-laser (compare Fig. 5(b),5(c)). The rms pulse-to-pulse timing jitter
is also higher, ~15%. These instabilities, the low Q-switching conversion efficiency 7.,y and
the existence of an upper limit for stable Q-switching indicate higher non-saturable loss of
both SAs and, hence, stronger detrimental effect of its heating.
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Fig. 8. Yb:KLuW laser PQS with MoS,- and graphene-based SAs: (a) oscilloscope traces of
the shortest pulses and the corresponding pulse trains measured at Py, = 5.4 W for MoS2- (b)
and graphene- (c) SA.

A summary of the output characteristics of the Yb and Tm lasers PQS with MoS,- and
graphene-based SAs is presented in Table 2.
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Table 2. Output characteristics of Yb: and Tm:KLuW microchip lasers PQS with MoS,

and graphene SAs
Crystal SA Poy, mW 1, % AL, nm 7, NS PRF, kHz Eou, 1J Poea, W
Tm:KLuW MoS, 1270 43 1929 175 170 7.5 42.8
graphene 1030 39 1926 190 260 4.0 20.9
Yb:KLuW MoS, 147 7 1030 220 300 0.5 22
graphene 315 12 1032 140 320 1.0 7.0

4. Discussion

In order to explain the significant difference in the performance of Yb and Tm lasers PQS by
MoS; and graphene-based SAs, we simulated the pulse characteristics of the two lasers within
the model of a quasi-three-level medium and a “fast” SA, see details in [27]. The
spectroscopic properties of Yb*" and Tm®" ions in KLuW used for the modeling can be found
elsewhere [28]. The results are shown in Fig. 4 (Tm-laser) and Fig. 7 (Yb-laser) as solid
curves. The computations are in good agreement with the experimental data and they
correctly predicts the dependence of the pulse characteristics on P, namely, the shortening
of 7 and the increase of E,, with P,,, both showing some saturation at high pump levels, as
well as a nearly linear increase of the PRF. From the modeling, we estimated the absorption
saturation characteristics of both SAs, namely /¥, and o's (the small-signal absorption, a'y, is
unambiguously determined from the absorption spectra). The results are shown in Table 3. In
the model, the intracavity laser intensity was defined as peak on-axis one and thus 7%
extracted from the fitting can differ from the value determined from z-scan measurement (see
e.g. Figure 1(c,d)). However, such a modeling allows for comparison of nonlinear
characteristics of both studied SAs at ~1 pm and ~2 um.

Table 3. Saturable absorption properties* of MoS; and graphene-based SAs

SA Lum  T*,, MW/em’ a's, % oo, % a's/oy
graphene ~1 1.0£0.2 0.22+0.02 6.4 ~0.034
~2 0.6+0.2 0.23 £0.02 5.5 ~0.042
MoS, ~1 0.8+0.3 0.28 +£0.03 8.8 ~0.032
~2 0.5+0.2 0.32+0.03 4.3 ~0.074
*Estimated from the modeling of output characteristics of Yb and Tm lasers PQS
with these SAs.

From Table 3, we conclude that much better performance of the PQS lasers at ~2 pum is
related to lower saturation intensity /s, and a higher fraction of the saturable loss, o's/a'y, at
this wavelength. This statement holds true for both SAs. For graphene, the tendency for the
increase of I, with the photon energy /v is well-known [29] and it is related to the
mechanism of saturation of this almost zero bandgap material: when working with higher /v,
more electrons from the VB are needed to be excited into the CB in order to reach optical
bleaching. Because MoS, is a similar 2D material, we can expect a similar decrease of I, at
longer wavelengths (lower /4v). Regarding the increase of a's/a'y with the wavelength, it can
also be understood if considering that the scattering losses decrease fast with 4, e.g. as
described by an empirical formula for the Mie scattering, ~A>> [9].

If we compare the behavior of graphene and MoS,-SAs the saturation intensity for these
two SAs is rather similar (cf. Table 3). At ~2 pm, MoS,-SA offers higher modulation depth
(a's = 0.32%) and lower non-saturable loss (a'ns ~4.0%) compared with graphene. As a
consequence, this leads to a much higher pulse energy and better Q-switching conversion
efficiency #cony Observed in the Tm-laser. At ~1 pm, the non-saturable loss in MoS,-SA (a'ys
~8.5%) is increasing much faster than for graphene-SA while the modulation depth for the
two SAs is very similar (a's ~0.2%). Consequently, at ~1 um, a better performance of the Yb-
laser is expected when using graphene-SA.

Comparing the results of the present work with those previously reported for near-IR bulk
lasers PQS with MoS,-SA, see Table 4, to date, MoS; has been applied for PQS of bulk lasers
at ~1 um (based on the Yb*" and Nd*" ions) and at ~2 um (based on the Tm*" and Ho®" ions).
At ~1 um, the use of MoS; resulted in relatively low E,,, typically not exceeding 1 pJ, and
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pulse durations of few hundreds of ns similar to our results. At ~2 pm, slightly higher pulse
energies (few pJ) were achieved still at relatively long pulse durations. As a result, the peak
power extracted from MoS,-SA PQS lasers was limited to few watts. The characteristics
achieved in the present work for Tm:KLuW laser PQS with MoS, are superior with respect to
all previous publications in terms of pulse energy and duration (and, in consequence, peak
power that reached >40 W), and also in terms of power scaling because >1 W of average
output power was extracted.

Table 4. Parameters of near-IR bulk lasers PQS with MoS;-based SA reported so far

Ton Crystal Poy, mW 7, % 7, NS Eou, 1J Ppea, W Ref.
Tm™ KLuW 1270 43 175 75 42.8 This work
CLNGG 62 - 4840 0.72 0.2 [30]
GdVO, 100 73 800 2.1 26 [18]
Tm**/Ho*" YGG 206 - 410 1.38 3.4 [6]
YAP 270 5 435 49 11.3 [31]
Yb* KLuW 147 7 220 0.5 22 This work
LGGG 600 24 182 1.8 9.9 [16]
CYB 105 - 420 0.75 1.8 [15]
Nd** GdvO, 227 - 970 0.31 0.3 [6]
YGG 52 - 729 0.67 0.9 [6]
YAP 260 11 227 1.11 49 [17]
YAG 24 - 2800 1.2 0.4 [32]

According to the modeling of the MoS, PQS Tm lasers, we expect that scaling of the
pulse energy up to few tens of pJ and shortening of the pulse duration to few ns may be
achieved by using (i) higher modulation depth of the MoS,-SA and (ii) gain materials with
longer storage times, e.g. Tm®>*-doped fluorides. In this way, a peak power from this type of
lasers could reach few kW.

Tunable laser sources are of interest for applications in spectroscopy, remote sensing and
medicine, as one can adjust the laser wavelength to match exactly, e.g., the absorption line of
a certain molecule for its detection (e.g., H,O), or to vary the penetration depth of the laser
radiation into a certain material, e.g. a biological tissue. For Yb:KLuW and Tm:KLuW lasers,
tuning of the laser emission in the 1.0-1.05 pum and 1.81-1.99 pm ranges, respectively, is
possible [28]. Tuning of microchip lasers is more difficult as compared to long cavity lasers
where a birefringent filter can be used. It may be realized (i) by temperature-variation of the
air gaps between the optical components of the cavity [33], (ii) by using an external etalon
[34] or (iii) by placing the microchip in a secondary Z-shaped cavity [35]. Further work on
tuning of the Tm:KLuW/MoS, microchips can be done by using one of these approaches.

The characteristics of the studied MoS,-SA make it promising for possible applications in
mode-locked (ML) lasers. To date, mode-locking with MoS,-SA has been demonstrated for
Yb, Er and Tm fiber lasers [13,36,37] and Q-switched mode-locking — for a Tm bulk laser
[30]. The utilization of MoS,-SA in bulk continuous-wave ML lasers may be successful after
optimization of the synthesis method for SA resulting in better optical homogeneity and
reduced non-saturable losses.

Further work on PQS 2 pm microchip lasers may focus on the comparison of the known
2D material-based SAs, e.g. graphene, MoS,, WS,, black phosphorus (BP), and topological
insulators based on Bi,Se;, Bi;Te; or Sb,Te;. In particular, few-layer BP may be promising
particularly at long wavelengths (~2 pum, or ~0.6 eV) due to the relatively narrow direct
energy band-gap, ~0.3 eV [11].

5. Conclusion

In conclusion, we have successfully applied a MoS,-SA for passive Q-switching of Yb and
Tm microchip lasers, for the first time to the best of our knowledge. The Tm-laser generated
175 ns / 7.5 wJ pulses at a repetition frequency of 170 kHz and the average output power
exceeded 1 W with 43% slope efficiency which represents a significant improvement with
respect to graphene PQS microchip lasers (cf. Table 4 and Ref [19].). Taking into account the
broadband absorption of MoS, and the relatively simple fabrication method, it can be
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considered as a promising “fast” SA for the ~2 pum spectral range potentially capable of
generating few ns pulses at PRFs in the MHz-range. In addition, it can be considered as a
potential alternative to SESAMs whose technology at ~2 pm is still far from being mature.
The required improvements in the synthesis technology of MoS, SA are related to the
reduction of the scattering losses (which will further increase the a's/a'y ratio) by depositing
highly uniform and large-area films, and by precise control of the film thickness. This may
lead to the scaling of the pulse energy and improvement of the long-term stability of the PQS
operation. The direct deposition of MoS; on a crystal end face may further reduce the pulse
duration by shortening of the cavity length (i.e. reduction of the cavity round-trip time).
However, the potential of MoS; for PQS at ~1 um seems to be very limited because it cannot
compete with the well-developed “fast” SAs in this spectral range.
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