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Abstract: The generation of a highly stable passive mode locking laser is realized in a
thulium doped fibre laser using a WS2-ZnO composite as a saturable absorber. Soliton
mode locking pulses are generated with a central wavelength of 1936 nm and full-width half
maximum (FWHM) of 3.06 nm. The first order Kelly’s side band is located at around 5.65 nm
from the central wavelength which gives the calculated pulse width value of 1.26 ps. This
value corresponds well with the measured pulse width of 1.27 ps using the autocorrelator.
The output power of the laser is around 0.44 mW with the peak power of 29.7 W and
repetition rate of 9.96 MHz. This laser set-up is highly robust and realizes highly stable laser
pulses in the mid-IR wavelength range for a multitude of applications.

Index Terms: Fiber Laser, Thulium, 2 micron.

1. Introduction
The strong association of vibrational transition characteristics of the mid-infrared spectral region
with many important molecules makes 2 μm wavelength range laser sources highly beneficial for
applications such as molecular spectroscopy, chemical sensing, materials processing, industry and
free-space sensing [1]–[6]. Of particular interest would be the use of these lasers in industrial
applications such as welding and cutting [7] as well as in minimal invasive surgery [8] due to their
‘eye-safe’ nature [9].

Fibre lasers operating at 2 μm are usually based on Thulium (Tm) [10], [11], Thulium-Holmium
(Tm-Ho) [12], [13] and Holmium (Ho) [14], [15] doped fibres. Of these, Tm-doped fibre lasers
(TDFL) are one of the most efficient, stable and highly developed laser sources which can generate
highly stable sub picosecond mode-locking laser pulses [16]–[19]. There are many methods that
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can generate ultra-short passive mode-locking laser pulses in an all-fibre laser system, among
which is the use of saturable absorbers (SAs) such as carbon nanotubes (CNTs), [20], graphene
[21], metal oxides (MOs) [22], black phosphorus (BP) [23] and topological insulators [24]–[26]. Of
many new nanomaterials being explored and studied, transition metal dichalcogenides (TMDs)
in particular has shown significant promise for application as an SA to generate mode-locked
in 2 μm region [10], [27]–[30]. In this regard, researchers have focused their attention on the
exploration of hybridizing TMD nanosheets with other materials including noble metals, oxides and
so on. Modifying the intrinsic properties of TMDs by hybridizing them with other materials is one
of the attractive approaches to overcome their constraints and thus to realize good performance
for various kinds of applications. For instance, hybridizing TMDs with metal oxides forms a new
binary composite material which possesses both the excellent optical properties of TMDs and
strong mechanical qualities of metal oxide. Among various types of metal oxides, zinc oxide (ZnO)
presents itself as one of the promising materials to be used as SA due to its high third order
nonlinearity [31], [32] and ultrafast carrier dynamics [33]. The new composite material would have
an added advantage whereby the bandgap can be altered by changing the number of layers. This is
due to the layer-dependent bandgap of TMDs [34], a property absent in MOs. This gives a versatile
and precise way to tailor the band structures of the new composite material, thereby maximizing
its potential to better match optoelectronics devices. One of them is to adjust the bandgap as to
accommodate saturable absorption over a wider wavelength range.

In this study, a mode-locked TDFL using a WS2-ZnO composite based SA is proposed and
demonstrated. The WS2 is first prepared with liquid phase exfoliation (LPE) technique before being
mixed with Zn(OH)2 using a wet chemical method to form the WS2-ZnO composite. The WS2-ZnO
SA device is fabricated by depositing the WS2-ZnO composite on to a side polished fiber and the
nonlinear optical performance of this SA is investigated by a balanced twin-detector measurement
system. The compact all-fiber laser based on the WS2-ZnO SA emits stable mode-locked pulses
with central wavelength of 1936 nm, pulse duration of 1.27 ps and repetition rate of 9.96 MHz. This
would be the first time, to the best of the author’s knowledge, that a hybrid WS2-ZnO has been
proposed and demonstrated as a SA for mode-locked generation in 2 μm region.

2. Preparation and Characterization of WS2-ZnO Composite
In order to prepare the WS2-ZnO composite, exfoliated WS2 sheets must be mixed with Zn(OH)2

solution. The WS2 sheets are prepared by the liquid phase exfoliation (LPE) technique to exfoliate
the WS2 bulk powder into the few-layer WS2 sheets. First, 600 mg of WS2 powder which is purchased
from 2D Semiconductors, is added to a 60 mL of ethanol solution and ultrasonically diffused for 8
hours using a probe sonicator with 500 W power and an amplitude of 50%. The exfoliated WS2

sheet which is in the form of a supernatant is then separated from the WS2 flakes, i.e., the precipitate
by centrifuging the suspension for 1 hour at 5000 rpm. The WS2 sheets is then transferred and kept
in a Scott bottle for the next process. The Zn(OH)2 solution is then prepared by stirring a mixture
of NaOH (1g), Zn[CH3COO]2•2H2O (3g), and NH3•H2O (25 mL) at room temperature. Once all the
powders are dissolved, the solution is slowly added to 65 mL of deionized water and simultaneously
stirred until the Zn(OH)2 solution is formed.

At the final stage, 20 mL of the Zn(OH)2 solution is mixed and stirred rapidly with 20 mL of
the exfoliated WS2 solution for 2 hours at a temperature of 90°C. These two materials are bound
together with a 5 mL solution of 0.1 M Cetyl trimethylammonium bromide (CTAB) which is added
to the mixture and stirred continuously. The resultant product is then centrifuged for 30 minutes
at 5000 rpm, washed with deionized water and dried at 60°C in the oven for more than 8 hours,
forming the final WS2-ZnO composite in powder form.

The characterization of the WS2-ZnO composite material is carried out using Raman measure-
ment, absorption spectrum and modulation depth analysis as given in Fig. 1. For the Raman
measurement, a Renishaw inVia Raman microscope is used which is connected to a 514 nm line
from an argon ion laser as the source of excitation. The result of the Raman measurements are
given in Fig. 1(a). Two sharp peaks are observed at 353 cm−1 and 419 cm−1 which is an indication
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Fig. 1. (a) Raman spectrum of the WS2–ZnO composite recorded at room temperature. (b) The FESEM
images of WS2 flakes at the left, and WS2-ZnO composite on the right. (c) Absorption spectra of
WS2-ZnO composite at 2 μm range. (d) Modulation depth analysis of WS2-ZnO composite.

of the in plane vibrational E1
2g mode as well as out of plane vibrational A1g mode of the WS2. This

observation is in good agreement with the previous studies on the Raman spectroscopy of WS2

[35], [36]. The other two peaks observed at 325 cm−1 and 581 cm−1 correspond to the 3E2H-E2L

multi photon scattering mode as well as E1(LO) fundamental phonon mode of ZnO respectively
[37], [38], while the weak peak at 519 cm−1 corresponds to the Si substrate [39]. The observed
Raman peaks in the WS2-ZnO composite indicates the proper formation of a composite between
WS2 and ZnO materials.

The results of surface morphological analysis of the WS2 flakes and WS2-ZnO composite which is
carried out using an FEI Nova NanoSEM 400 field emission scanning electron microscope (FESEM)
is given in Fig. 1(b). The left image represents the FESEM picture of WS2 where the flaky shape
of WS2 with almost smooth surfaces is clearly defined. Upon adding the ZnO to WS2, the ZnO
particles are scattered on the smooth WS2 flakes as shown in the right image of Fig. 1(b). This is
an indication of a successful formation of the WS2-ZnO composite.

The absorption measurement of the WS2-ZnO saturable absorber is carried out by taking the
amplified spontaneous emission (ASE) in the 2 μm region, from 1800 nm to 2000 nm, as it is
shown in Fig. 1(c). The spectrum shows a smooth curve from 1900 nm to 1940 nm which peaks
at around 1910 nm. This is in a good agreement with the previous study which has performed the
near-infrared spectrum of ZnO [40].

UV-visible (UV-vis) absorption measurement is also carried out using a Varian Cary 50 UV–vis
Spectrophotometer in the wavelength range of 300 to 800 nm. The UV–vis absorption spectra of
the ZnO and WS2-ZnO composite is shown in Fig. 2. From the absorption spectrum of ZnO, a
peak at 377 nm can be observed and is attributed to the intrinsic band-gap absorption of ZnO
caused by electron transitions from the valence to conduction bands (O2p→ Zn3d) [41]. Meanwhile,
the absorption spectrum of the WS2-ZnO composite shows peaks at around 411, 453, 520 and
628 nm. The appearance of peaks at 520 and 628 nm are attributed to the excitonic absorptions of
the direct gap located at K point of the Brillouin zone [42], while the peaks at 411 and 453 nm are
associated with the optical transitions from the valence band to conduction band [43]. It is noted
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Fig. 2. UV-vis absorption spectra of ZnO and WS2-ZnO composite. (Please note that the peak at 411
and 453 is not very distinct, but does indicate a very slight bump).

Fig. 3. Plot of (αhν)1/2 vs. hν of (a) ZnO and (b) WS2-ZnO composite.

that the absorption peak of ZnO could not be observed due to the strong WS2 peak at 400 nm that
has covered up the ZnO peak at 377 nm.

The band gap can be calculated from the equation [44]:

αhν = A(hν − Eg)n (1)

where α is absorbance, h is Planck’s constant, ν is the frequency, A is the proportional constant, n is
equal to 2 and Eg is the band gap. Fig. 3 shows the plot of (αhν)1/2 vs. hν of ZnO and the WS2-ZnO
composite. Extrapolation to A = 0 gives an absorption energy that corresponds to the band gap.
The estimated band gap for ZnO and the WS2-ZnO composite are calculated based on the Tauc’s
plot to be approximately 4.5 eV and 3.0 eV respectively. The difference in the bandgap values
shows that the bandgap of the new composite material has indeed been altered as compared to its
individual element.

Instead of the SA directly interacting with the propagating light, which might cause thermal
damage at high operating power, the liquid form of WS2-ZnO composite is deposited on a side
polished fiber to interact with the evanescent field of the propagating light. At high optical intensity,
the evanescent field interaction with WS2-ZnO composite leads to a saturable absorption effect
in the composite [45]–[47], which is then evaluated in the TDFL. In order to characterize the
nonlinear optical properties of the device, the nonlinear absorbance of the WS2-ZnO composite
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on side polished fiber is measured using the balanced twin-detector method. An ELMO erbium
femtosecond laser module is used as pulse source with a pulse width of <150 fs and output power
of 5 dBm and repetition rate of 100 MHz in the wavelength range of 1564 nm. The calculated
modulation depth is around 86% with the saturation intensity of 2.3 MW/cm2 as shown in Fig. 1(d).
This rather large modulation depth indicates the high pulse shaping ability of the SA which would
then result in shorter pulse width. These characteristics are common for the SAs with rather large
modulation depth which are studied previously [21], [48].

3. Experimental Setup
The WS2-ZnO composite on a D-shaped fibre is used in a TDFL cavity with dual pumping scheme.
The pump lasers are two Princeton Lightwave PSL-450 laser diodes (LDs) operating at 1560 nm,
indicated as LD1 and LD2 in Fig. 2. A 1550 nm optical isolator is then connected to each LD to
ensure that the light propagates in one direction without back reflection from the cavity to the LDs.
The output of each isolator is spliced to the 1550 port of a 1550/2000 nm wavelength division
multiplexer (WDM). The WDMs guide the 1550 nm light from the LDs to a 4 meter thulium-doped
fiber (TDF) through their common ports. With the photons in 1550 nm range entering the doped
fibre, the thulium dopants get excited to 3F4 energy state and release photons in the range of
1700 nm to 2000 nm through stimulated emission process. The emitted photons are then guided
by the 2000 nm port of both WDMs to the cavity. The 2000 nm port of the WDM1 is spliced to a
2000 nm isolator which prevents the light from reflecting back to the gain medium. The output of the
isolator is then connected to a 90:10 coupler which extracts 10% of the light out for the measurement
purposes. The 90% port of the coupler is then connected to a polarization controller (PC). The PC
is used to adjust the optimal intra-cavity polarization to start the mode-locked operation. Finally, the
cavity loop is closed by connecting the SA to the 2000 nm port of WDM2.

Initially, the mode locking pulse is detected and analyzed using a Keysight DSOX3102T oscillo-
scope (OSC) with the bandwidth of 1 GHz. To accurately measure the pulse width, an APE pulse
check USB 150 autocorrelator is used. To convert the light into electrical signal, both the OSC and
APE are connected to 818-BB-51F Newport 12.5 GHz InGaAs based photodetector. The optical
spectrum is then measured and analyzed by a Yokogawa AQ6375 optical spectrum analyzer (OSA)
with the spectral resolution of 0.02 nm. The mode locking pulse is then analyzed in frequency
domain to check the fundamental pulse repetition rate and radio frequency pulse train by using
Anritsu MS2683A radio frequency spectrum analyzer (RFSA) with frequency range between 9 kHz
to 3 GHz.

The laser cavity operates at soliton mode locking regime which requires a net negative group
velocity dispersion (GVD). The laser cavity contains two types of fibres, i.e., TDF and SMF-28,
both of which induce the light to propagate in the negative dispersion regime. The TDF has the
GVD parameter of −0.0213 ps2/m which results in GVD of −0.085 ps2 for the length of 4 meters
in the cavity. The SMF-28 has the GVD parameter of −0.0696 ps2/m which results in the GVD of
−1.2 ps2 for the length of 17.2 meters in the cavity. Hence, the net dispersion for the whole cavity
of 21.2 meters is −1.3 ps2.

4. Results
To achieve mode locking operation, the pump power is increased to 158 mW while the polarization
state of the laser cavity is adjusted by the PC. This results in mode locking pulses with the repetition
rate of 70 MHz which is at the sixth harmonic. In order to obtain the fundamental frequency, the
pump power is reduced to 106 mW. For the cavity length of 23 meters and refractive index of 1.45
for silica fibre, the calculated value of fundamental frequency is around 9.8 MHz which is in good
agreement with the observed value of 9.96 MHz by the oscilloscope trace as shown in Fig. 3(a).
The pulse interval of 0.1 μs is also in a good agreement with the cavity round trip time.

The mode locking laser operates at soliton regime which can be clearly seen by the appearance
of Kelly’s sidebands in the optical spectrum in Fig. 5(b). The optical spectrum shows the central

Vol. 11, No. 5, October 2019 7104110



IEEE Photonics Journal Near-Infrared Soliton Mode-Locked TDFL

Fig. 4. Schematic view of the TDFL cavity setup.

Fig. 5. (a) The oscilloscope pulse train with the fundamental frequency of 9.96 MHz. (b) The optical
spectrum of the soliton mode locking pulse measured at the fundamental frequency of 9.96 MHz and the
pump power of 106 mW. (c) The autocorrelation trace of the mode locking pulse. (d) The RF spectrum
at fundamental frequency with the higher harmonics of the repetition rate illustrated in the inset.

wavelength of 1936 nm with the full width half maximum (FWHM) value of 3.06 nm. This value
can approximately predict the temporal pulse duration by using the time bandwidth product (TBP)
equation [49]. Assuming the minimum value of 0.315 for the sech2 curve fitting, the TBP equation
gives the minimum value of 1.2 ps. Another way to estimate the temporal pulse duration from the
optical spectrum is by the position of the mth order of Kelly’s sidebands with respect to the central
wavelength in the optical spectrum using the following equation [50]:
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Fig. 6. The laser stability test, taken from the output of the pulsed laser over an hour with 5 minutes
time intervals for (a) the optical spectra and (b) the RF spectra, and (c) the calculated SNR values from
the RF spectra taken for an hour with 5 minutes time interval.

Fig. 7. (a) The output power versus the pump power. (b) Optical spectrum evolution with increasing the
pump power.

where λ is the central wavelength, m is the order of the Kelly’s sideband which is located at the
distance of �λ with respect to the central wavelength, c is the speed of light, L is the length of
the cavity and β is the cavity’s GVD parameter. For the �λ value of around 5.65 nm for the 1st
order Kelly’s sideband as shown in the inset of Fig. 5(b) and central wavelength of 1936 nm, the
calculated temporal pulse duration, τ, is around 1.26 ps. The actual pulse width is also measured
using the APE PulseCheck autocorrelator, with the temporal pulse shape following the sech2 fitting,
as shown in Fig. 5(c). The measured value is 1.27 which is in good agreement with both calculated
values of 1.2 ps using TBP and 1.26 ps using the position of Kelly’s sideband.

The RF spectrum is presented in Fig. 5(d) which shows the high stability of the laser oscillator at
the pump power of 106 mW. The signal to noise ratio (SNR) is around 62.3 dB which is higher than
the required value for the laser to be applicable in telecommunication systems [51]. Fig. 4 illustrates
the stability test of the pulsed laser which is carried out for two hours within 5 minutes time interval
by taking the optical spectrum for one hour as shown in Fig. 6(a), and RF spectrum for the second
hour as shown in Fig. 6(b). Both spectra show no change within the hour which confirms that the
pulsed laser is highly stable. This is further validated by the similar SNR values from the RF spectra
as shown in Fig. 6(c).

All the measurements are taken at the pump power of 106 mW. By decreasing the pump power
below this value, the mode locking laser pulses disappears and the laser operates at continuous
wave (CW) as shown in Fig. 7(a). However, increasing the pump power to 158 mW self-starts the
mode locking laser pulses without having to re-adjust the PC. Once the pump power is increased,
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TABLE 1

Comparison of 2 μm Mode-Locked Fiber Lasers Performances

Note: Rep: Repetition and NR: Not reported.

the output power is also increased and the laser operates at higher order harmonics. It however,
does not affect the optical spectrum and as it can be seen in Fig. 7(b), the optical spectra and
consequently the pulse width are not affected by increasing the pump power.

The output performances of this laser are compared with that of 2 μm mode-locked fiber lasers
incorporating BP, CNT WS2 and ZnO based SAs and summarized in Table 1. From this comparison,
it can be seen that despite of having long cavity length, the output’s pulse width of this work is shorter
than those from the systems utilizing WS2-based SAs [52], [53] and the ZnO-based SA [54]. From
the table, narrower pulse widths can be obtained through the use of BP and CNT as shown by
Sotor et al. [55] and Wang et al. [11] respectively, and therefore the pulse width and repetition
rate of the cavity in this work can be improved by optimizing the laser cavity’s length. This has
been experimentally proven by Yang et al. [56], where shorter pulse widths are obtained for shorter
cavity lengths. Additionally, although the pulse energy obtained in this work is not as high as
that obtained by Yang et al. [52], its performance is comparable to the BP- and ZnO-based SAs
and higher than that reported by systems utilizing WS2-based SAs on tapered and side polished
fibers. It is important to note that this work is among the few that reports a mode-locked TDFL
with a central wavelength near 2000 nm. Furthermore, the SNR is comparable to other reported
works at shorter wavelengths, indicating stable mode-locking operation. The proposed SA shows
competitive performance with other SAs, and it can be concluded that the WS2-ZnO composite is
a good candidate for inducing mode-locking in fiber lasers at the 2 μm region.

5. Conclusions
In this study, a highly stable mode locking laser with the pulse width of 1.27 ps and repetition rate of
9.98 MHz is demonstrated. This laser set-up shows reliable self-starting mode locked pulses which
is partially due to the large modulation depth of the WS2-ZnO SA of 86.7%. The large SNR value
of 62.3 dB and central wavelength of 1936 nm makes this laser highly stable and applicable in the
areas of research which require ultrafast pulses in the eye safe region.
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