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A passively @Q-switched erbium-doped fiber (EDF) laser is proposed and demonstrated utilizing a zirconium
disulfide (ZrS,)-based saturable absorber (SA). ZrS, nanosheets are prepared, whose modulation depth,
saturation intensity, and nonsaturable absorbance are measured to be 14.7%, 0.34 MW /em?, and 17.4%, respec-
tively. Then, a @-switched EDF laser is implemented by the ZrS,-SA. The pulse repetition rate varies from 40.65
to 87.1 kHz when the pump power changes from 55 to 345 mW. The shortest pulse width is 1.49 ps with pulse
energy of 33.5 nJ. As far as we know, this is the shortest pulse width obtained by a ZrS,-SA so far.
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Short-pulse all-fiber lasers have been extensively investi-
gated for widespread industry and scientific research ap-
plications such as remote sensing, industrial processing,
laser medicine, fiber optic communication, and spectros-
copy fieldst¥. The Q-switched mechanism is mainly in-
volved for short-pulse generation with pulse durations
of microsecond (ps) or nanosecond (ns) level and low rep-
etition rate of kilohertz (kHz)“Z. The dominant technol-
ogy is based on a passively Q-switched scheme, which, at
present, is mainly enabled by a kind of nonlinear element,
i.e., a saturable absorber (SA)%Z.

On the other hand, in the race towards two-dimensional
(2D) electronic and optoelectronic devices, semiconduct-
ing transition metal dichalcogenides (TMDCs) from group
VIB have been intensively studied, while semiconducting
TMDCs from group IVB have been verified to have larger
mobility than their counterparts from group VIB in the
monolayer. Among those, zirconium disulfide (ZrS,) is a
typical group IVB TMDC material, which has gained much
research attention since 19702, Tts electron mobility is
1200 em?/(V - s), which is close to four times that of
MoS, [340 cm?/(V - 8)]2, and the current density is also
higher than MoS,. Besides, ZrS, shows good thermody-
namic stability, environmental friendliness, high sensitivity,
and low-cost production®29, So far, 2D monolayer ZrS, has
been successfully applied in photodetectorsi?, solar cells™,
high-electron-mobility transistors (HEMTs)X, and so on.
However, the research on pulse lasers based on the saturable
absorption characteristics of ZrS, has hardly been reported
at home and abroad except that in 2019; for the first time, to
the best of our knowledge, Li et al. successfully realized a
dual-wavelength passively @-switched operation in an
erbium-doped fiber (EDF) laser using a ZrS,-based SAY
deposited on a D-shaped fiber.

In this Letter, firstly, ZrS, nanosheets are successfully
prepared and the SA characteristics are studied. The
modulation depth, saturation intensity, and nonsaturable
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absorbance are 14.7%, 0.34 MW /cm? and 17.4% at
1.55 pm, respectively. Secondly, a @Q-switched EDF laser
operation is achieved by ZrS,-based SA. The pulse repeti-
tion rate varies from 40.65 to 87.1 kHz with the increasing
pump power. The shortest pulse width is 1.49 ps with a
single pulse energy of 33.5 nJ, which, to the best of our
knowledge, is the shortest pulse width obtained by a
ZrSy-SA so far. The results show that a ZrSy,-based SA
has great potential in the application in pulse fiber laser
operation. Comparatively, the SA based on a D-shaped
fiber displays the polarization-dependent absorption,
which has been studied in Ref. [20], while the transmis-
sion-type SA in our work is insensitive to the polarization.
On the other hand, although the advantage of an SA
based on a D-shaped fiber is to improve the damage
threshold, the SA in this work is not damaged under high
pump power due to the great thermal stability. Besides,
compared to other new materials enabling the Q-switched
and mode-locked process, such as iron oxide nanoparticles
(IONP), Fe;0,, and MoS, /Si0,22 | 7rS, has advantages
of larger modulation depth and lower saturation intensity,
which enables a wider application scope. This work ex-
pands the applications of IVB TMDCs as SAs for pulse
fiber lasers and is worthy for improving optoelectronic de-
vices. Higher pulse energy and shorter pulse duration can
be realized by further optimizing the EDF laser cavity and
the ZrS, SA.

At the beginning of the experiment, 60 mg high lattice
quality bulk ZrS, crystal is dispersed into 60 mL isopropyl
alcohol (IPA) solvent. After 10 h ultrasonication at low
temperature, the dispersion solution is further centrifuged
at a rate of 6000 r/min for 30 min until the ZrS, is thor-
oughly dispersed, and the upper 80% solution is selected
for the subsequent experiments. As shown in Fig. 1, the
photograph of the homogeneous ZrS, dispersion displays
a light yellow color. After that, 400 mg polyvinyl acetate
(PVA) is added into 10 mL ZrS, dispersion, and the
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Fig. 1. ZrS, nanosheets dispersion solution.

mixture undergoes the 1 h ultrasonication process to
prepare uniform ZrS,-PVA-IPA dispersion. PVA is used
as the polymer matrix, not only to form film to host the
7rS,, but also to avoid its oxidation. A single drop of
the obtained ZrS, solution is immersed on the end of
the fiber. Then, the sample is dried for 24 h at a temper-
ature of 25°C, and, finally, the ZrS, SA is obtained.

A transmission electron microscopy (TEM) image is
taken and shown in Fig. 2. It is seen that the ZrS, nano-
sheets exhibit an obvious layered structure. The radial size
of the ZrS, nanosheets is about 120 nm. The Raman
spectrum of the processed ZrS, nanosheets is tested with
an Ar laser operating at the wavelength of 514 nm, and the
result is shown in Fig. 3. The in-plane mode (E,) and out-
of-plane mode (A;,) can be clearly observed in Fig. 3. The
Ay, peak is located at 332.24 cm~!, while the E, peak is at
250.12 ecm™!. Due to the non-harmonic effect, the peak at
the “x” is widened, which is consistent with the existing
research reports™.

The nonlinear optical absorption properties of the
ZrSy-based SA are investigated by the commonly used bal-
anced twin-detector measurement scheme, where a fiber
laser operating at central wavelength of 1550 nm with
6 ns pulse duration and fundamental frequency of
10 Hz is utilized. The nonlinear power-dependent normal-
ized saturable absorption curve of the ZrSy-based SA is
shown as blue dots in Fig. 4. As the light intensity
gradually increases, the nonlinear optical transmission

Fig. 2. TEM image of the ZrS, nanosheets.

300

Intensity (a.u.)

0+ T T T T T
200 250 300 350 400 450 500
Raman shift (cm'1)

Fig. 3. Raman spectrum of the ZrS, nanosheets.
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Fig. 4. Saturable absorption property of ZrS,-PVA film.

approximately increases to 83% and remains saturated,
which exhibits a typical saturable absorption characteris-
tic. The modulation depth, saturation intensity, and non-
saturable absorbance are 14.7%, 0.34 MW /cm?, and
17.4%, respectively. The red line in Fig. 4 displays the
curve of the saturable absorption formula:
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where 7 is transmission, I is input source intensity, I, is
saturation intensity, and a, and «a,, are the modulation
depth and nonsaturable absorbance, respectively. It is
seen that the data matches closely to the formula.

The schematic of the passively @Q-switched EDF laser
using the ZrSy-based SA is given in Fig. 5, where the laser
cavity shows the ring-shaped structure. A commercial
976 nm laser diode with a maximum power of 400 mW
is used as a pump, which is coupled into the laser cavity
through 980/1550 wavelength-division —multiplexing
(WDM). A 6-m-long EDF (LIEKKI: Er110-4-125) is used
as the gain medium. The prepared ZrSy-based SA is
inserted into the cavity after the EDF. A polarization-
independent isolator (PI-ISO) is used to ensure the
unidirectional operation of laser cavity. A polarization
controller (PC) is used to optimize the cavity birefrin-
gence. Additionally, 20% of the laser power is extracted
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Fig. 5. Experimental setup of (-switched EDF laser.

from the cavity using an optical coupler (OC). The length
of the cavity, including the EDF and the tail fibers, is
about 11 m. The output spectrum, the pulse trace, and
the average output power are detected by a spectrum ana-
lyzer (YOKOGAWA AQ6370B), a digital oscilloscope
(Tektronix DP04104), and a power meter (Molectron
PM3), respectively.

The system operates in a stable Q-switched state in the
55345 mW pump range, and the pulse trains versus
different pump powers are shown in Fig. 6. The Q-switched
pulse sequence remains highly stable during the whole
experiment period, even the prepared ZrS, SA is exposed
into the air, which reveals the fact that the ZrS,-PVA
mixture film protects ZrS, from oxidation in air.

The variation of the repetition rate and pulse width
along with the increasing pump power is shown in
Fig. 7(a). When the pump power is increasing from 55
to 345 mW, the Q-switched pulse width decreases from
9.28 to 1.49 ps, while the repetition rate increases from
40.65 to 87.1 kHz, which is the typical characteristic of
passively @-switched lasers. The shortest pulse width of
1.49 ps is obtained when the pump power is up to
345 mW with a repetition rate of 86.2 kHz. Besides, a sin-
gle pulse shape is recorded at the same time, which is
shown in Fig. 7(b), while the insert shows a typical
Q@-switched pulse sequence with a repetition rate of
40.65 kHz. The pulse sequence is stable, and there is no
significant jitter on the oscilloscope. In Ref. [9], the inter-
action between the laser and ZrS, materials is much
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Fig. 6. Pulse trains at different pump powers.
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Fig. 7. (a) The pulse duration and pulse repetition rate versus
the pump power. (b) The typical single pulse sharp of the Q-
switched fiber laser. The inset is the output pulse train.
(¢) The output spectrum of the Q-switched fiber laser. (d) The
output power and pulse energy versus the pump power.

longer, which is helpful for shortening the @Q-switched
pulse duration. However, the modulation depth of the
7ZrS, SA is rather low while the saturable intensity is high,
which is not suitable to generate a short pulse. Compara-
tively, the ZrS, SA in our work has larger modulation
depth and lower saturation intensity. This combination
might explain why the pulse duration is shortened,
although the interaction length is relatively much shorter.

Figure 7(c) shows the output spectrum of the system.
It reveals a center wavelength of 1560.91 nm with a
3 dB linewidth of 1.5 nm. Figure 7(d) depicts that when
the pump power is increased, the output power and the
single pulse energy increase simultaneously. When the
pump power is 345 mW, the maximum average output
power of 2.80 mW is obtained with energy of 33.5 nJ
for each pulse, corresponding to optical-to-optical
efficiency and slope efficiency of 0.84% and 0.88%, respec-
tively. Limited to the available pump power in our lab, the
pump power limit of the ZrS,-based SA cannot be tested.
It is believed that the pulse energy can be further im-
proved by several means, such as increasing the pump
power, optimizing the splitting ratio of the OC, and opti-
mizing the ZrSy SA parameters and cavity design. Such
measures have been also discussed in Ref. [5]. From the
obtained results, the prepared ZrS, SA presents great
thermal stability and is qualified for higher pump power.

The repetition rate and the pulse energy show decreas-
ing trends at pump powers of 317 and 78 mW, respec-
tively. Similar results can be observed in many previous
reports222:2 - The generally accepted reason is that,
when the pump power is high enough, the nonlinear effect
in the fiber increases due to the high light intensity, which
leads to the instability of the pulse energy and pulse rep-
etition rate. Specific to our work, some imperfection of the
7ZrS, SA combined with other factors such as saturable
recovery time, saturable threshold of the SA, and the gain
saturation of the EDF might also affect the evolution of
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the pulses in the cavity. Although we cannot implement
the verifying experiment at present due to the limited
pump power, it can be predicted that the repetition rate
will increase again along with the increasing pump power
because the results presented in Fig. 7(d) show no thermal
damage on the ZrS, SA or ultra-saturation of the ZrS, SA.

For comparison, we summarize the performance of
different SA-based @-switched EDF lasers implemented
around 1550 nm and presented in Table 1. The experimen-
tal results achieved in our work indicate that ZrS, SA can
perform excellently in the @-switched process. Higher
pulse energy and shorter pulse duration can be realized
by further optimizing the EDF laser cavity and the
7ZrS, SA.

Can the ZrS, SA be used for mode-locked operation?
According to the criterion of mode-locked operation?,
E3% > EgEg AT, where Ep is the single pulse energy
in the cavity, and E; and Eg, are the saturation energy
of the gain fiber and the SA, respectively. AT is the modu-
lation depth of the SA. It is seen that decreasing the modu-
lation depth of the SA will benefit mode-locked
generation. However, in our work, the ZrS, SA has a
higher modulation depth, which is one of the reasons
why there are no mode-locked pulses during the experi-
ment. It can be surmised that the mode-locked fiber laser
will be realized by a ZrS, SA with suitable parameters,
including the layer number of ZrS, and ZrS, concentration
in the ZrS,-PVA dispersion. Additionally, the length of
the EDF and the total length of the cavity are 6 and
11 m, respectively. The long gain medium of the EDF
and the quite short cavity are not suitable to achieve
mode-locked pulses. In the following experiment, in order
to achieve mode-locked pulses, we plan to do such works as
the following: utilizing a shorter EDF, lengthening the
cavity, optimizing the ZrS, SA parameters, such as reduc-
ing the modulation depth of the ZrS, SA, as well as opti-
mizing the cavity, such as decreasing the inner loss of the

Table 1. Comparison of Passively @Q-switched Er-doped
Fiber Lasers Based on Different SAs

Max

Pulse Pulse  Output

Wavelength Width Energy  Power
SA (nm) (ps) (nJ) (mW) Refs.
Graphene  1556.17 3.7 16.7 1.1 [26]
SWNTs  1555-1560 7 14.1 0.225 [27]
MoS, 1519-1567 3.3 160 5.91 [28]
InSe 1532.2 8.3 11297 1.425 [25]
BP 1562.87 10.32  94.3 1.5 [29]
BisSes 1565 1.9 23.7 22.35 [30]
NiO 1522-1580 2.02 15.3 2.32 [_1}
7rS, 1560.91 1.49 33.5 2.89 Our
work

cavity. Additionally, we will make an effort to match the
optimized cavity well with the ZrS, SA.

In order to verify the effect of the ZrS,-based SA on the
EDF laser, we remove the SA and keep the cavity length
unchanged. The @-switched pulse vanishes no matter how
the PC and the pump power are adjusted. The comparison
proves that ZrS, is an excellent SA and can implement
@-switched fiber lasers efficiently.

In summary, a ZrSy-based SA is successfully prepared,
and its characteristics are studied. The modulation depth,
saturation intensity, and nonsaturable absorbance of ZrS,
SA are measured to be 14.7%, 0.34 MW /cm?, and 17.4%,
respectively. Then, the prepared ZrS, SA is inserted into a
ring EDF laser cavity to implement the @-switched
operation successfully. The pulse repetition rate changes
from 40.65 to 87.1 kHz when the pump power increases
from 55 to 345 mW. The shortest pulse width is
1.49 ps, the maximum output power is 2.89 mW, and
the maximum single pulse energy is 33.5 nJ, respectively.
The experimental results verify that the layered structure
ZrS, can be used as a highly efficient SA for fiber lasers.
This work expands the applications of IVB TMDCs as
SAs for pulse fiber lasers and has great significance for
the development of optoelectronic devices.
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