Research Article Vol. 6, No. 12 | 1 Dec 2016 | OPTICAL MATERIALS EXPRESS 3927

e

High-power passively continuous-wave and Q-
switching mode-locked Nd:LuVO, laser by
few-layer graphene-oxide films

Hou-REN CHEN,"" CHIH-YA TsAl,2 HSIN-MING CHENG,®> KUEI-HUEI LIN,*
CHYONG-HUA CHEN,' AND WEN-FENG HSIEH'

! Department of Photonics and Institute of Electro-Optical Engineering, National Chiao Tung
University, 1001, Ta-Hsueh Rd., Hsinchu, 30010, Taiwan

’Department of Electrophysics, National Chiao Tung University, Hsinchu 300, Taiwan

’Material and Chemical Research Laboratories, Industrial Technology Research Institute, Hsinchu 310,
Taiwan

*Department of Applied Physics and Chemistry, University of Taipei, 1, Ai-Guo West Rd., Taipei 100,
Taiwan.

*eittocs730318@g2.nctu.edu.tw

Abstract: Using a series of different concentration polymer-free graphene oxide (GO) films
as saturable absorbers (SAs), we demonstrate high-power passively continuous-wave mode-
locking (CW-ML) and Q-switching mode-locking (QS-ML) for a Nd:LuVO, laser at 1 pm.
CW-ML pulses of 6.62 ps with maximum output power of 3.89 W have been achieved to give
the highest pulse peak power of 4.85 kW and pulse energy of 32.14 nJ under 15-W pumping
by using SAs of 84.4% transmittance. Using SAs with a lower transmittance having a larger
modulation depth of 75.9% and 63.4%, we obtain both the CW-ML pulses of 4.85-ps and QS-
ML pulses with 2.73 W and 1.92 W output powers, respectively.
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1. Introduction

Various continuous wave mode-locking (CW-ML) techniques have been widely used in
diode-pumped solid-state laser (DPSSL) to generate high peak power and ultra-short pulse
lasers because of their wide-spreading applications in optical communication, medicine,
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micro-machining, and materials processing [1]. Passive ML pulses are usually obtained using
materials with nonlinear absorption, in which saturable absorption plays an important role to
generate ultrashort pulsed lasers [2-5]. Recently, the research on newly emerging saturable
absorption materials primarily is focused on graphene [5-16], graphene oxides (GO) [4,17—
25] and graphene-like two-dimensional (2D) materials such as topological insulators (TIs)
[26-28], semiconducting transition-metal dichalcogenides (TMDCs) [29-32], and black
phosphorus (BPs) [33-36]. Compared with the traditional semiconductor saturable absorber
mirrors (SESAMs), these new nanomaterials like graphene and graphene-like 2D materials
take the advantages of unique electronic band structure, broadband absorption, controllable
modulation depth, ultrafast carrier dynamics, and large optical nonlinearity [12, 33, 37-39].
Therefore, these new nanomaterials have the potential to be used as broadband SAs for laser
mode-locking. However, graphene has a small absorption of only 2.3% and a low differential
transmittance AT (or low modulation depth) of ~0.75% at 1060 nm. The small AT might not
be enough to suppress CW components to obtain mode-locked pulses in high gain laser
systems (e.g., Yb-doped fiber laser system). Although Chen et al. [S] and Sobon et al. [13]
directly grew the multilayer graphene and stacked single-layer graphene to form different
number of layers, respectively, in order to enhance the AT, it is still very difficult in
controlling the layer numbers of graphene. The more complex preparation process and large-
scale production of high-quality TI films [40, 41] limit their applications in photonics and
optoelectronics. Recently, the TI nanomaterials which had high absolute AT up to 90% [42,
43] were manufactured using wet chemical synthesis method (e.g., polyol method [42, 43]
and hydrothermal intercalation with liquid phase exfoliation method [44-46]). However, they
weren’t water soluble, which limited the flexibility and processibility for large-scale
production of TI-based optoelectronics. For the semiconductor TMDCs, the wideband sub-
bandgap (near-IR range) saturable absorption was attributed to energy levels within the
bandgap (monolayer MoS,: direct bandgap of 1.86 eV) arising from edge state [47], however,
the amount of edge states weren’t easy to control. Whereas, BPs is a direct bandgap
semiconductor in the mono-, few-layers, and bulk form. Its bandgap depends on the number
of layers and decreases with increasing thickness, ranging from 0.3 eV (mono-BPs) to 1.5 eV
(bulk BPs) [48]. However, fabrication process of the BPs nanomaterials must be in an argon-
filled glove box to avoid degrading rapidly by introduction of water and O, [49].

GO is the precursor for reduced GO (rGO), which can be fabricated by strong oxidization
inexpensive graphite as raw material, and then exfoliating the graphite oxide in water through
sonication. Compared with graphene, GO is highly hydrophilic due to the presence of
oxygen-containing functional groups and can form stable aqueous colloids to facilitate the
assembly of macroscopic structures by simple and low-cost solution processes. Although the
oxygen functional groups destroy the gapless linear dispersion of Dirac electrons in graphene
and make the GO insulating, the GO still possesses almost constant absorbance from 0.8 to
2.5 um [50]. In addition, Sobon et al. [18] have demonstrated that there is no significant
difference in the laser performance between the GO- and rGO-based SAs. Taking into
account the simpler manufacturing technology and the possibility of mass production, GO
seems to be a good candidate as a cost-effective material for SAs for mode-locked lasers.
Although Feng et al. [20] has achieved mode-locked Nd:Y VO, laser with a maximal output
power of 3.06 W by reflective graphene oxide saturable absorber (GOSA), the pulse duration
is 8.8 ps, However, the output optical path isn't collinear in this result (i.e., the total power of
two output beams with a certain angle is 3W). Wang et al. [22] generated 4.5-ps mode-locked
Nd:GdVOy laser by using a GOSA with AT of 12%; however, the maximum output is only
1.1 W. In addition, both of these two reports used the complex five-mirror cavity setup in
order to reduce the repetition rate (or increase pulse energy) of mode-locked pulses due to
large AT of GOSAs. From stable CW-ML condition, it is required that the intra-cavity pulse
energy £, goes beyond a threshold against the Q-switching instability [3, 51]. We choose
Nd:LuVO, as the laser gain medium to prevent Q-switching instability, because its emission
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cross section (14.6 x 107 cm?) is larger than those of the Nd:GdVO, (7.6 x 107" cm?) and
Nd:YVOy (13.5 x 107" ¢cm?) gain media [2]. In addition, the Nd:LuVO, crystal have the
larger damage threshold and the absorption cross section than other three Nd-doped crystals.
Therefore, it has been demonstrated for achieving high laser power and efficiency [52].

In this paper, we fabricate a series of polymer-free GO films incorporating different
amounts of GO by using a vertical evaporation technique onto a quartz substrate [3], and
present a systematic study on Nd:LuVOy laser characteristics by using GOSAs. The AT of
GOSA is tunable by changing the GO concentration [53] due to its water solubility. In use of
a GOSA under 15-W pumping, an Nd:LuVO, mode-locked laser with simpler 4-mirror cavity
setup operated at 1065.6 nm, maximal output power of 3.89 W has been achieved. The
repetition rate is 121.2 MHz and the pulse duration is 6.62 ps. In addition, Nd:LuVO, laser
operated in mode-locked state with the narrowest pulse duration of 4.85 ps and output power
of 2.73 W, as well as widely pumping range for QS-ML state, have been achieved by using
GOSAs with larger AT. To our knowledge, we obtain the highest output power of 3.89 W and
1.92 W for CW-ML and QS-ML pulses, respectively, in use of GOSAs.

2. GO flakes preparation and characterization

The GO flakes used in this experiment were prepared through a modified Hummers method
[54, 55] from expanded acid-washed graphite flakes. Morphologies and sizes of the products
were observed by a field-emission scanning electron microscope (JEOL JSM-6500F). The
surface topology and thickness of GO flakes were determined by an atomic force microscope
(SEIKO SPA-300) with a tapping mode. The sample was prepared by drop-casting the GO
dispersion on the surface of the Si substrate and then dried in vacuum drying oven. Figure
1(a) shows the SEM image of GO flakes, which exhibits the layered structure, and
morphology resembles thin certainly, indicating very good exfoliation of graphite during
oxidation process, and having mean diameter of 1~6 um (scale bar 1 um). 2D topographical
image of GO nanomaterials could be clearly observed as shown in Fig. 1(b). For precisely
analyzing the thickness of GO flakes, two different sections were chosen for the
measurements, as marked in Fig. 1(b). Figures 1(c)-1(d) show the height variation between
the two GO flakes sections. The heights of A, B, C, and D are 1.74, 2.57, 3.41, and 2.62 nm,
respectively. Therefore, the height differences Hap, Hcep are about 0.83 and 0.79 nm,
respectively, indicating near monolayer GO flakes [56].
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Fig. 1. (a) SEM image of GO flake; (b) 2D topographical AFM image of GO flake; (c) and (d)
Height profiles of the sections marked in (b).

The Raman spectrum in Fig. 2(a) was obtained with a 532-nm laser excitation. The two
prominent peaks at 1350 cm™ and 1589 cm™" are assigned to the D and G bands, respectively.
The D peak is due to the defect-induced breathing mode of sp” rings. The G peak corresponds
to optical E,, photons at the Brillouin zone center and is due to bond stretching of sp® carbon
pairs in both rings and chains [57]. The structure of the GO flakes is characterized by X-ray
diffraction (XRD) 20-» scans using a PANalytical Empyrean X-ray diffractometer (Cu K, A
= 1.54056 A) to examine the out-of-plane orientation as shown in Fig. 2(b). The GO exhibits
a sharp peak at 20 = 10.4°, corresponding to the interlayer spacing of 0.85 nm calculated via
the Bragg equation, indicating the presence of oxygen-containing functional groups in
interlayer spaces after oxidation. The measured GO thickness of 0.85 nm using AFM is
consistent with XRD results. These groups enlarge the interlayer spacing between GO sheets
to 0.85 nm from 0.34 nm [58]. In addition, there is very weak but broad peak at around 21°
(red rectangle), indicating that almost no disordered component was generated during the
chemical processing of graphite to make the GO flakes.
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Fig. 2. (a) Raman spectrum and (b) XRD pattern of GO flakes.
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Fig. 3. (a) Optical transmission spectra of GOSA films incorporating different amounts of GO
flakes. (b) Nonlinear transmission of the GOSAs with excitation wavelength at 1064 nm. Dots:
measured data; solid curve: fitting to the data.

The polymer-free GOSAs (photograph shown in the inset of Fig. 3(a)) were the same
thickness of about 15 um, named as samples 1, 2 and 3, incorporating different amounts of
0.6-, 0.9-, and 1.25-mg GO powder, respectively. The detailed preparation of GOSAs are
similar to Ref [3]. The transmission spectra of different concentration GOSAs are shown in
Fig. 3(a), which were measured by a UV-visible-NIR spectrophotometer. The transmission
spectra of GOSAs show monotonic increase in the spectral range from 350 to 2000 nm, which
is a typical feature of GO and is similar to [4] and [18]. It might be caused by the oxygen-
containing functional groups, which have larger absorption at short wavelength. The
measured transmission (Tjos4) 0of samples 1, 2, and 3 are 84.1%, 75.9%, and 63.4% at 1064
nm, respectively. The nonlinear transmittance and saturation fluence were measured by the
pump-probe setup described in Ref [3]. The measured nonlinear transmission of sample A at
1064 nm is shown in Fig. 3(b). By fitting the absolute transmission of the GOSAs as a
function of the input pulse fluence, we acquired the saturation fluence (Fy, 4), modulation
depth (AT), and non-saturable loss. The detailed results were listed in Table 1. The Fy, 4,
ranging from 54 to 57 plJ/em?, corresponds to the saturation intensity I, = 145 to 154
MW/cm? calculated from 1, = Fiu4 /7, provided that the recovery time 7 = 370 fs is used
[37]. AT = 2.54%, 4.14%, and 5.36%, and non-saturable loss = 13.36%, 19.86%, and 31.24%
for samples 1, 2, and 3, respectively. The measured F,, 4 ~54 to 57 uJ/cm2 is smaller than 80
uJ/cm2 of Ref [22]. The Fj,, 4 for SAs with different amount of GOs range from 0.6 to 1.25
mg were measured within 54 ~57 pJ/cm?, indicating that high purity and well-dispersed GO
samples are prepared.

Table 1. Linear and nonlinear optical properties of GOSAs at 1064 nm

Sample 1 Sample 2 Sample 3
Linear transmission, Tge4 84.1% 75.9% 63.4%
Saturation fluence, Fyua 54 pJ/cm? 57 pl/em? 57.1 pl/em?
Modulation depth, AT 2.54% 4.14% 5.36%

Non-saturable loss 13.36% 19.96% 31.24%
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3. Experimental setup of GO mode-locked Nd: LuvO, lasers
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Fig. 4. Schematic setup of the passively ML and QS-ML a-cut Nd:LuVO, laser with the
GOSAs. M, and M, are the folding mirrors and OC is the output coupler.

The schematic laser setup with Z-folded resonator is shown in Fig. 4. The fiber coupled diode
array laser with central wavelength of 808 nm was used as the pump source. The pump beam
from the fiber was imaged on a 3x3x8 mm® a-cut Nd:LuVO, crystal with 0.5-at.% Nd**
concentration. The laser crystal was wrapped with indium foil and mounted in a water-cooled
copper block, where the water temperature was maintained at 15°C to prevent unwanted high
temperature from causing crystal damage and power fluctuation. One facet of the Nd:LuVO,
crystal is high-reflection (HR) coated at 1064 nm and anti-reflection (AR) coated at 808 nm;
and the other facet with 2 degree wedge is AR coated at 1064 nm. Two curved mirrors M;
and M,, which have radii of curvatures of 500 and 200 mm and HR coating at 1064 nm (R >
99.8%) were used as the folding mirrors to transmit cavity beam through the GO to the output
coupler (OC). The reflectivity of the OC mirror is 82% coated at 1064 nm. The radius of the
cavity mode at the gain medium was estimated to be ~200 um using the ABCD law with
consideration of the thermal lensing effect. The GOSA was mounted in the compact water-
cooled copper block maintained at 15°C under N, flow, which was controlled by a mass flow
controller. The GOSA was put close to the OC and mounted with Brewster angle to minimize
the cavity loss. The beam radius at the GOSA was ~35 pum. Various GOSAs with
concentration of 0.15, 0.3, and 0.6 mg for tuning the initial transmittance and modulation
depth were used to optimize the generation of high-power CW-ML pulses. The output power
of the Nd:LuVO, laser from OC was measured by a power meter (Ophir Inc.). The leakage
light from the wedged crystal facet is detected and characterized by a high-speed InGaAs
detector that was connected to the oscilloscope (LeCroy LT372) and 2.9-GHz radio-
frequency (RF) spectrum analyzer (HP 8560E). The spectrum was measured by an optical
spectrum analyzer (Ando AQ6315A). A non-collinear autocorrelator (FR-103WS) was used
to measure the width of mode-locked pulses.

4. Results and discussion

Figure 5 shows the measured average laser output power as a function of the pump power for
the CW state (without Polymer-free GOSAs, open black squares), the CW-ML states in use of
sample 1 with Ty = 84.1% (green stars) and sample 2 with 75.9% (red circles), as well as the
QS-ML states in use of sample C with 63.4% (blue triangles). The threshold for CW lasing is
0.62 W and the slope efficiency is 38%. As expected, after the GOSAs were inserted into the
laser cavity, the laser not only increases in CW lasing threshold but also eventually achieves
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the CW-ML state (solid symbols) through the intermediate irregular QS-ML state (open
symbols) and regular QS-ML state (half-filled symbols) for samples 1 and 2. In ML DPSSLs
by the SAs, the threshold for the CW-ML against the QS-ML can be reached as the intra-
cavity energy exceeds the critical value £, to prevent Q-switching instabilities according to E,,
> (Foar 1 ArF 14 JAT)"2, where Fy;; and A; are the saturation fluence and the laser effective
area of the gain medium, respectively; Fy,, 4 and 44 are those for the GOSAs. The F;,,; for the
a-cut Nd:LuVOy laser is calculated to be about 0.064 J/cm™ with the definition F,,, = hv /
mao [51]. Here, hv is the photon energy, m is 2 for the standing-wave cavity, and o is the
emission cross section. Sample 3 exhibit the largest AT, therefore there is the highest CW-ML
threshold because it has the highest concentration among the three GOSAs. The AT of sample
3 is too large to overcome Q-switching instability in our available pumping power. Therefore,
only QS-ML state is obtained at all range of pumping power up to 15.3 W. It is worth to
mention that stable QS-ML state can be obtained with a wide pumping power ranging from
12.3 to 15.3 W (available pumping power). The maximal output power is 1.92 W under pump
power of 15.3 W. Sample 2 has smaller AT than sample 3, therefore the threshold of CW-ML
is lower than that in use of sample 3. As the pumping power is set 12.7 W, CW-ML is
observed (calculated threshold pump power of CW-ML is 13.2 W), and the highest output
power is about 2.73 W with the pump power of 15 W. Although the maximum QS-ML output
power of 2.22 W with sample 2 is slightly larger than that with sample 3, the pump-power
range for QS-ML operation is smaller. In order to obtain a much lower CW-ML threshold
with higher output power, we have replaced sample 1 to sample 2 and acquired the lasing
threshold of about 2.4 W with slope efficiency of 31.2%, and then the CW mode-locked
pulses were obtained when the pump power is increased above 7 W (calculated CW-ML
threshold is 7.8 W). A remarkable output power of 3.89 W was obtained in CW-ML regime
under P, = 15 W. The results are similar to Ref [3]. by using single-walled carbon nanotube,
showing that GO can be used in high-power passively ML lasers.
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Fig. 5. Average output power versus pump power of the Nd:LuVOy, laser for CW, QS-ML and
ML operations with output coupling of 18%.

The time trace of mode-locked pulse trains, RF spectrum, optical spectrum, and pulse
duration by using samples | and 2 under pump power of 15 W were recorded and shown in
Figs. 6(a)-6(d). In the regular CW-ML pulse trains, the temporal separation between the
pulses is about 8.25 ns (Fig. 6(a)), corresponding to 121.2 MHz repetition rate that agrees
with the RF spectrum in the inset of Fig. 6(b). The long time scale pulse train at CW-ML state
(inset of Fig. 6(a)) reveals that the CW-ML state is free from Q-switching modulation. For the
fundamental beating at 121.2 MHz (Fig. 6(b)), we can observe a very high extinction ratio of
66.1 dB against the noise without any spurious modulations, which have demonstrated a very
clean CW-ML operation of this Nd:LuVO, laser. The inset of Fig. 6(c) shows the spectrum of
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the ML pulses, whose central wavelength is 1065.6 nm and the bandwidth is 0.41 nm (full
width at half maximum, FWHM). The autocorrelation trace of the output pulses is depicted in
Fig. 6(c), and the pulse duration is about 6.62 ps (assuming a Gaussian pulse shape). The
calculated time-bandwidth product (TBP) is 0.71, which is larger than the transform-limited
value of 0.44 for Gaussian pulses, indicating that the mode-locked pulses are frequency
chirped and their duration could be further narrowed by group dispersion compensation.
While inserting sample 2 into the Nd:LuVOy, laser, narrower pulse duration of about 4.85 ps
can be obtained (Fig. 6(d)) under pump power of 15 W due to strong pulse shaping caused by
the larger modulation depth of SAs. However, the maximal output power is only 2.73 W
under P, = 15 W, which is lower than that with sample 1, due to the larger non-saturable loss
caused by large amount of GO. The central wavelength and FWHM of optical spectrum are
1065.7 nm and 0.436 nm, respectively (inset of Fig. 6(d)). The calculated TBP is 0.56. Using
the measured average output power of 3.89 W, pulse repetition rate of 121.2 MHz, and pulse
width of about 6.62 ps, we estimated the pulse energy and the peak power to be about 32.14
nJ and 4.85 kW, respectively, under the 15 W pump power. The polymer-free GOSAs have
been demonstrated a good material for high-power passively ML lasers. Without the N, flow,
the mode-locked laser can be operated for about 10-20 min. due to degradation by further
oxidation. Nevertheless, the mode locking continues with the output power instability of
about + 3% for more than an hour with 40 SCCM N, purge to the GOSA. Under the limited
15 W pump power, we didn’t observe damage of the GOSA under N, purge, indicating its
damage threshold is higher than 810 MW/cm® which is higher than 348.6 MW/cm® for
graphene-SAs in Ref [14].

Table 2 summarizes output performance of free space mode locked Nd-doped crystal
lasers at 1 um by graphene (G)-, GO-, TMDCs-, BPs- based SAs. The performance of
ultrafast solid-state lasers mode-locked by GSAs and GOSAs have steadily improved.
However, there is relatively few papers to obtain ML pulses by BPs- and TMDCs-SAs mainly
because of the difficulty in fabrication and the need to improve their damage threshold. For
example, Zhang et al. [36], reports the BPs based mode-locked Nd:YVO, solid state lasers.
The BPs-SAs with linear transmittance of 82% have the modulation depth (AT), saturation
intensity (/,), and nonsaturable loss of about 7.5%, 1.35 MW/em?, and 10.5%. It seems to be
more efficiency in saturable absorption of light than our GOSAs samples having A7, I, and
nonsaturable loss to be 2.54%, 145 MW/cm® (if the recovery time 7 = 370 fs is used), and
13.36%, respectively, and almost same linear transmittance of 84.1%. However, there is only
one reported BPs-based mode-locked Nd:YVO, solid state laser operated at 460 mW output
under 3.61 W pumped power. It might be not suitable for high power bulk laser because of
easy oxidation and deliquescence in air [33]. Therefore, it is necessary for BPs to cover an
effective capping layer protecting BP from the structural and chemical degradation in ambient
condition. Comparing to other reports, an Nd:LuVO, mode-locked laser by using GOSA with
simpler 4-mirror cavity setup operated at 1065.6 nm, maximal output power of 3.89 W has
been achieved. The repetition rate is 121.2 MHz and the pulse duration is 6.62 ps.

Table 2. Passively mode-locked solid state laser based on Nd doped crystals with
graphene and graphene-like 2D materials SAs (G: graphene; GO: graphene oxide; BP:
black phosphorus; T: transmissive type; R: reflective type; 4: center wavelength; z: pulse
width; P: output power; E,: pulse energy; P,: peak power.)

Coupling Laser parameters
T Ry Slope
Laser type / SAs method A (nm) (ps) (MHz) P (W) E, (n])/ P, (kW) efficiency Ref.
Nd:YAG/G T 1064 13 114 2.1 18.4/1.33 / [14]

Nd:YAG/G T 1064.4 4 88 0.1 1.1/0.28 1 [16]
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Nd:GdVO,/ GO T 1063 4.5 75 1.1 15.7/3.5 11.3% [22]
Nd:GdVO,/ GO T 1063 12 120 0.68 5.7/0.47 13% [23]
Nd:GdVO,/ G T 1065 16 43 0.36 8.4/0.53 22.5% [15]
Nd:YVO,/ GO T 1 1 88 1.2 13.6/ // 30% [59]
Nd:YVO,/ GO R 1065.5 8.8 84 3.06 36/4.1 25% [20]
Nd: YVO4 / BP T 1064.1 6.1 142.8 0.46 3.29/0.54 14% [36]
Nd:YVO4/ MoS, T 1064.2 12.7 88.3 0.089 1/0.0833 4% [32]
Nd: LuvVO,/ GO T 1065.6  6.62 121.2 3.89 32.14/4.85 31.2% Thii
worl

Figures 7(a)-7(b) show the stable regular QS-ML trains for pump power of 12.3 and 15.3
W, respectively by using sample 3. The repetition rate of QS envelope increases from 139 to
155 KHz, corresponding to time spacing of 7.19 to 6.45 s, as the pump power increases from
12.3 W to 15.3 W. Figure 7(c) shows temporal profile of a single QS-ML envelope and the
mode-locked pulse trains inside the QS-ML envelope under pump power of 15.3 W. By
fitting the envelope with the bi-exponetial formula:

IO 2

1) =[ T
exp(1.76t/t,) +exp(-1.76 t/ t,)

where I is the scaling factor, the rising time ¢; = 0.47 ps and the falling time #, = 0.51 ps of
the QS-ML envelopes can be obtained. The width of QS envelopes can be estimated by the
definition of 7 = (#; + £,)/2 = 0.49 ps. The repetition rate of mode-locked pulses inside the QS
envelope is 121.2 MHz (inset of Fig. 7(c)), which is determined by the length of the laser
cavity. The width of the individual mode-locked pulse inside QS envelope, measured by an
autocorrelator (black squares), is about 175 ps by fitting to the Gaussian shape (red curve) as
shown in Fig. 7(d). The maximal output power of QS-ML pulse is 1.92 W, which is larger
than other reports on QS-ML by 2D materials such as 1.6 W by graphene [60], 156 mW by
MoS,; [61], 310 mW by GO [59], and 247 mW by Bi,Te; [62]. At 15.3-W pump power, the
peak power of QS-ML pulses calculated by P, = Py/NR,ty is 1.18 kW, where P is the
average output power, R,, is the repetition rate of the QS envelope, N is the number of pulses
within a QS envelope (assuming 60 pulses), and 7, is the width of the ML pulses.
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Fig. 6. (a) CW mode-locked pulse trains of the a-cut Nd:LuVOy, laser on nanosecond time
scales. The inset shows the millisecond time scales; (b) RF spectrum of mode-locked
Nd:LuVOq laser (first beat note). Inset: the RF spectrum for 1-GHz scan range; The measured
autocorrelation trace and output spectrum of a mode-locked Nd:LuVO; laser for (¢) sample 1,

and (d) sample 2.
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Fig. 7. Time traces of QS-ML pulses at regular state for (a) 139 kHz, and (b) 155 kHz. (c)
Expanded temporal shape of a single QS-ML pulse. The inset shows mode-locked pulse trains
inside Q-switched envelope. (d) The measured autocorrelation trace (black squares) and curve
fitting with Gaussian function (red curve).

5. Conclusion

We have demonstrated stable ML and QS-ML of Nd:LuVOy, laser by using GO films of
different transmittance as the SAs. In use of a GOSA with transmittance of 84.1% (AT =
2.54%) under 15 W pumping, an Nd:LuVO, CW mode-locked laser operated at 1065.6 nm
with a repetition rate of 121.2 MHz and maximal output power of 3.89 W was obtained. It
gives the high pulse energy of 32.14 nJ and peak power of 4.85 kW, which is free from Q-
switching modulation. Using GOSA with larger transmittance of 75.9% (AT = 4.14%), the
narrowest pulse duration of 4.85 ps with 2.73 W output power under pump power of 15 W
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can be achieved. In addition, stable QS-ML state is operated under pumping power of 13.3 to
15.3 W by using the largest transmittance of 63.4% (AT = 5.34%) of our sample. Under 15.3
W pump power, the maximal output power of QS-ML, repetition rate, and temporal width of
QS envelope is 1.92 W, 155 kHz, and 0.49 ps, respectively. The peak power of QS-ML
pulses is 1.18 kW. Our results have demonstrated that GO is a good material for using in
high-power DPSSL operated in passively CW-ML and QS-ML states.
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