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A mode-locked nanosecond Erbium-doped fiber laser (EDFL) based on copper nanowires (CuNWs) saturable
absorber (SA) is successfully demonstrated in this article. The CuNWs were prepared by dissolving the CuNWs
solution in a polydimethylsiloxane (PDMS) host polymer. Through the doctor blade technique, a free-standing
CuNWs-PDMS film was formed. Upon inserting the film in a laser cavity, nanosecond pulses with a stable mode-

locking was observed past the threshold pump power of 104.62 mW. The laser operated at the center frequency
of 1.86 MHz and wavelength of 1563.3 nm. At the maximum available pump power of 187.04 mW, the 173 ns
mode-locked pulse train achieved the highest pulse energy of 9.14 nJ and the maximum average output power of
1.703 mW. These results vindicate the capacity of the CuNWs film SA in producing nanosecond mode-locked

EDFL in the 1550 nm region.

Introduction

Due to numerous potential applications in the field of optoelec-
tronics, electronics, and plasmonics [1], pulse lasers have continued to
gain interests among researchers. For examples, passively mode-locked
lasing in the 1.5-um region have found many applications in tele-
communication, material processing, and medical treatment. Gen-
erating pulse lasers using passive techniques require the use of satur-
able absorbers (SA). Passively generated lasers are favored due to their
flexibility, simplicity, compactness, and ultrafast laser performance.
The SAs can be fabricated from dyes/colored Glasses, semiconductor
saturable absorber mirror (SESAM), quantum dots, 1D materials
(carbon nanotubes), and 2D material (graphene, topological insulators
(TIs), transition metal dichalcogenides (TMDs) and black phosphorous
(BP) [2]. A good review on the use of 2D materials to construct passive
saturable absorbers is available in [3]. However, 1-D and 2-D nano-
materials used for making SAs are expensive and thus research works
exploring new SA materials are still active. Early works on finding and
testing metal based nanomaterials for photonics applications can be
traced back to the surface plasmon resonance applications. Recently,
metal based nanomaterials have garnered increasing attention as ex-
cellent candidates for passive SA as they have a high intrinsic

conductivity and are much cheaper compared to the cost of 1-D or 2-D
nanomaterials.

It is our hope that the work explained in this article could expand
the understanding on pulse laser generation using metal based nano-
material saturable absorbers. Metal nanoparticles, including gold (Au),
silver (Ag), and copper (Cu) possess strong absorption caused by the
collective oscillation of conduction electrons of metal nanoparticles,
namely as localized surface Plasmon resonance (LSPR). The strong re-
sonance due to LSPR also contributes to the significant enhancement in
optical nonlinearity, which is nonlinear absorption. Gold-based passive
Q-switcher is reported in [4-6], and silver-based passive saturable ab-
sorber is reported in [7-9]. Compared to gold and silver, copper is more
cost-effective and available in different forms. The lasers generated
using copper-based passive saturable absorbers are reported to have
operating frequencies covering from visible range to mid-infrared re-
gion with different starting materials such as copper pellets [10-12],
copper nanoparticles [13,14], copper oxide nanopowder [15], and
copper nanowires (CuNWs) [16].

Copper-based pellets have been deposited onto polyvinyl alcohol
(PVA) film using an electron beam deposition method and used as
passive saturable absorbers for pulsed laser generation in 1, 1.5 and
2 pm region [10-12]. In [10], the central wavelength for pulsed laser
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generation was at 1040.6 nm with pulse repetition rates varying from
41 to 104 kHz. The shortest pulse width achieved was 3.89 ps, and the
maximum pulse energy was 7.48 nJ with a signal to noise ratio of
57.6 dB. At 1.5 pym region [10,11], the reported pulsed fiber laser op-
erated at 1561 nm with pulse energy of 18.34 nJ. The shortest pulse
width was 4.28 s, and signal to noise ratio was 50.9 dB. At 2 ym [12],
the authors reported a mode-locked pulses operating at 1951 nm, with
the fundamental frequency of 8.5 MHz. The calculated minimum pulse
width was 14.8 ps and signal to noise ratio was 48 dB. In the work, the
thickness of copper PVA film was 16 nm, but the size of the copper
nanoparticles was not revealed. One of the drawbacks of this approach
is the need for an evaporation chamber to evaporate the copper pellets.

Copper nanoparticle based powder with an average particle size of
25 nm was used as starting material to generate Q-switched pulsed in
erbium-doped fiber laser [13,14]. Ismail et al. [13], reported copper
nanoparticles in Chitosan-based passive saturable absorber. They re-
ported a maximum repetition rate of 91.24 kHz, a minimum pulse
width of 3.60 ps, and maximum pulse energy of 74.53 nJ. The gener-
ated pulse produces a signal to noise ratio (SNR) of 71 dB. Meanwhile,
Ismail et al. [14] reported copper nanoparticles in polyvinyl alcohol
(PVA) based passive saturable absorber. They reported the capability of
a pulsed generation with a maximum repetition rate of 104.2 kHz, the
narrowest pulse width of 5.1 ps, and pulse energy of 20.44 nJ at the
maximum input pump power of 198.0 mW. The radio frequency spec-
trum analyzer measured the SNR of 54 dB. Even though the average
particle size copper nanoparticles is 25 nm, the size could be affected
during the ultrasonic process, and agglomeration occurs when the na-
noparticles embedded in the host polymer. Copper oxide-based passive
saturable absorber is reported in [15], where the copper oxide (CuO)
nanopowder was dissolved in polyvinyl alcohol (PVA) to developed
CuO-PVA film. The film then is integrated into an erbium-doped fiber
laser to generate mode-locked pulsed at an operating wavelength of
1564.6 nm, a repetition rate of 983. kHz and signal to noise ratio of
24 dB. Unfortunately, the size of the copper nanopowder is not re-
ported.

Wu et al. [16] reported a Q-switched pulse generation by using
copper nanowires (Cu NWs) with a diameter of 20-40 nm as SA oper-
ating at a visible range laser region of 635 nm. To synthesize the
CuNWs, a Copper (II) Chloride Dihydrate was added to glucose, oley-
mine, oleic acid, and ethanol before heated a 50 °C to produce CuNWs.
The produced CuNWs is further refined through ultrasonication and
centrifugation. To be used as a passive saturable absorber, the CuNWs
suspension was further dispersed into polyvinyl alcohol (PVA) polymer
and made into the polymer-composite structure. The CuNWs recorded
an absorbance rate of 61.8% at 635 nm, yielding a Q-switched opera-
tion with a repetition rate ranging from 239.8 to 312.4 kHz, the pulse
width of 0.685-0.394 pus and maximum output power up to 9.6 mW
upon laser cavity integration, while no mode-locking operation was
observed. The operation was relatively stable with an SNR of around
40 dB, attributed to the third-order nonlinearity of the CuNWs itself
[16].
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The pulse generation and advancement in lasers are dictated by two
aspects, namely, nonlinearity and anomalous-dispersion balance which
leads to the generation of ultrashort soliton mode-locked output [17].
The used of gain medium (EDF) can provide large normal dispersion,
and the cavity dispersion can be managed to works in anomalous dis-
persion by adding a certain length of SMF in the laser cavity [18].
Certain value of anomalous dispersion should be achieved, because if
the value is too small, the cavity will generate incoherent pulses. Sev-
eral works had successfully demonstrated this approach to generate
self-starting mode-locked for conventional soliton [18] and nanosecond
pulse generation [19-22]. The length of the SMF to be added in the
laser cavity depends on the respective anomalous dispersion requires by
the laser cavity with the reported anomalous dispersion of —4.23 ps>
[19], —2.28 ps® [20], —4.30 ps® [21], and 2.24 ps® [22] by using
100 m [20,22] and 195 m [19,21] of SMF.

In this works, we propose a mode-locked nanosecond Erbium-doped
fiber laser (EDFL) based on copper nanowires in a polydimethylsiloxane
(PDMS) polymer. By inserting the SA in a ring cavity and additional
SMF of 100 m for dispersion management, nanosecond mode-locked
pulses are generated with a repetition rate of 1.86 MHz, the pulse width
of 173 ns, and signal to noise ratio of 61 dB, at the operating wave-
length of 1563.3 nm.

Fabrication and nonlinear characterization of CuNWs film

The commercial CuNWs used in this experiment was purchased
from Sigma Aldrich®. The CuNWs solution was dispersed in ethanol
with a concentration of 5 mg/mL. The diameter of the CuNWs is ap-
proximately 100 = 20 nm with a length of 20-30 pm and aspect ratio
of 200. The polymer composite Polydimethylsiloxane (PDMS) used in
this work is the elastomer kit Sylgard 184 from Dow Corning Inc.,
consist of two components, siloxane oligomer, and hardener. In order to
prepare the CuNWs/PDMS composite, 5 mL of CuNW solution was
added into 10 mL of PDMS monomer and mixed together using a
magnetic stirrer for 10 min at 1000 rpm. Then, 1 mL of hardener was
added into CuNWs/PDMS monomer and stirred for another 10 min. The
mixture of CuNWs/PDMS was then kept in the refrigerator overnight to
remove any bubbles formed in the solution. The CuNWs/PDMS film was
prepared using the doctor blade technique to develop a free-standing
film. This method is widely used for producing thin films on large
surface areas and accepted for precision coating methods [23]. In this
technique, adhesive 3 M Scotch tape with a thickness of around 52 pm
was placed on the edge of a glass substrate to create a 1 cm X 3 cm
rectangular area for CuNWs/PDMS mixture deposition. Then, the
CuNWs/PDMS was applied on the masked top edge of the glass sub-
strate, and the mixture was spread homogenously across the unmasked
area using a microscope glass slide. The scotch tape was then removed
before having the CuNWs/PDMS solution thermally cured at 90 °C for
2 h. The CuNWs/PDMS film formation was finally detached from the
glass slide to obtain a flexible and self-standing film, as shown in Fig. 1.
This approach is convenient and straightforward for fiber compatibility

POMS/CuNW

Fig. 1. The fabrication of the CuNW/PDMS film through Doctor Blade technique.
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and creates a high oxidation resistance. The high oxidation resistance of
the CuNWs/PDMS SA has also been reported by using spray coating and
photonic sintering method [24].

Fig. 2 shows the transmission electron microscope (TEM) image of
the CuNWs, which was measured by a high-resolution transmission
electron microscope (HR-TEM) (JEOL, JEM-2100F). Fig. 2(a) and 2(b)
show the TEM images of CuNWs with a diameter of about 95 nm. We
can also observe the smooth surface of the CuNWs. Fig. 2(c) shows the
measured lattice spacing of the CuNWs of approximately 0.24 nm,
consistent with the one reported in by Wu et al., [16]. Fig. 2(d) shows
the TEM diffraction pattern of CuNWs.

The field emission scanning electron microscope (FESEM) (JEOL
JSM-7800F) image of the CuNWs/PDMS film is as depicted in Fig. 3.
The accelerating voltage was set at 1 kV at the magnification of x7000

Fig. 3. Surface morphology of Copper Nanowires-PDMS.
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Fig. 2. transmission electron microscope (TEM)
image of the CuNWs (a) TEM images of CuNWs at a
magnification of x20k (b) HRTEM image of CuNWs at
a magnification of x50k (c) HRTEM image of a CuNW
at a magnification of x1000k. The lattice spacing was
observed to be 0.24 nm. (d) TEM diffraction pattern
of CuNWw.

at the scale of one micron. The image shows irregular dispersion and
sizes with a diameter of 100 nm to 2 um of the CuNWs throughout the
film surface. This is due to phase separation in the evaporating solvent
(hardener) during film formation. It is hard to get a better image at a
higher magnification or higher kV (more than 1 kV) due to the sensitive
nature of the PDMS monomer as the electron beam can cause the PDMS
to melt.

The investigation of the nonlinear optical transmission property of
the CuNWs/PDMS film is illustrated in Fig. 4. The nonlinear optical
transmission profile of the prepared CuNWs-based SA film was in-
vestigated by using a balanced twin detector measurement with a
mode-locked seed of 1 MHz repetition rate and 4.13 ps pulse width
operating at 1550 nm wavelength. The modulation depth was around
8%, with a saturation intensity of 76.5 MW/cm?. Besides that, we also
examined the optical transmission range of the prepared CuNWs/PDMS
based SA from 1100 nm to 1600 nm, as shown in Fig. 5, after it was
illuminated by a broadband light source (AQ-4303B White Light
Source). The absorption of the prepared CuNWs based SA can clearly be
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Fig. 4. Nonlinear transmission measurement of CuNWs/PDMS film.
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Fig. 6. Schematic configuration of erbium-doped fiber laser pulsed generation.

observed in the C-band region with 1.01 dB transmission loss.

Laser configuration

Fig. 6 illustrates the ring cavity laser configuration of erbium-doped
fiber laser incorporated with CuNWs/PDMS based passive saturable
absorber. A 980 nm laser diode (LD) was set up as a pump source in
forward pumping configuration. A 2.4 m long erbium-doped fiber (EDF)
was pumped through a 980/1550 nm wavelength division multiplexer
(WDM) to produce the spontaneous and stimulated emissions at the
1550 nm region. At 980 nm, the absorption of the erbium ions in the
EDF is 23 dB/m, whereas its group velocity dispersion (GVD), numer-
ical aperture (NA), and the core and cladding diameters are 27.6 ps®/
km, 0.16, 4 um and 125 um, respectively. A polarization-insensitive
isolator was set in the ring cavity after the EDF to ensure the uni-
directional propagation of light oscillating in the laser cavity and to
prevent any light reflection, which can devastate the LD. A 90/10
output coupler was used to keep 90% of the oscillating laser light in the
cavity, and the remaining 10% of the light was tapped as the output for
numerous optical measurements. The SA device was assembled by in-
terposing a small cut of the prepared CuNWs/PDMS based SA between
two fiber ferrules with the aid of index matching gel via a fiber con-
nector. The assembled SA was integrated inside the laser cavity as a
passive mode-locker. An additional 100 m long single-mode fiber (SMF-
28) with a GVD of —21.7 ps®>/km was also integrated into the cavity to
harmonize the dispersion and nonlinearity of the cavity and boost the
mode-locking performance. The total net dispersion was calculated to
be approximately —2.25 ps?/km, and the EDFL cavity works in the
anomalous dispersion. The total length of the cavity was approximate
with the extended SMF is around 111.4 m The wavelength distribution
of the laser output light was observed using an optical spectrum

Results in Physics 18 (2020) 103228
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Fig. 7. Optical spectrum analyzer trace.

analyser (OSA, Yokogawa AQ6370B), while the temporal analysis was
done by a digital oscilloscope (GWINSTEK, GDS-3352), coupled with
the photodetector (PD, InGaAs, S145C Integrating sphere Photodiode
Power Sensor). A Radio Frequency Spectrum Analyzer (RFSA, Anritsu
MS2683 A) was used to measure the radio frequency (RF) power
spectrum in conjunction with an integrated PD. The output power was
measured by using a power meter (ILX Lightwave OMM-6810B) com-
bined with a power-head (ILX Lightwave OMH-6727B InGaAs).

Results and discussion

The nanosecond mode-locked EDFL self-started at a threshold input
pump power of 104.62 mW. The stable nanosecond mode-locking
pulses were obtained without any Q-switching pulse fluctuations. The
optical spectrum of the laser output is displayed in Fig. 7. As shown in
the figure, a broad spectrum obtained proved the mode-locking op-
eration of the EDF laser. The central wavelength was recorded at
1563.3 nm with a 3-dB spectral bandwidth of 0.5 nm at the maximum
pump power of 187.04 mW with a pair of the low-intensity peak of
Kelly sidebands observed at 1560.4 nm and 1566.2 nm with separation
distance with a central wavelength of = 3 nm. The 3-dB spectral
bandwidth is broader than [15] with 0.3 nm. The operation of the laser
in the mode-locked soliton regime in anomalous dispersion is confirmed
with the existence of symmetrical Kelly sidebands [15].

The mode-locking operation of the EDFL was further investigated by
monitoring the pulse train, as indicated in Fig. 8. A uniform pulse train
was observed with a constant repetition rate of 1.86 MHz with a pulse
separation of 537 ns. The repetition rate remained unchanged from the
threshold input pump power of 104.62 mW up to the maximum pump
power of 187.04 mW due to energy quantization [25], thus confirming
the fundamental characteristics of the mode-locking mechanism. The
pulse width was measured to be around 173 ns, as depicted in Fig. 8 (c),
shorter than other reported works based on ZnO-SA [19] and Silver-SA
[26]. Moreover, the recorded repetition rate of 1.86 MHz was con-
firmed with the measured value based on the total EDFL cavity length
of 111.4 m, implying that the pulsed laser was a nanosecond mode-
locked laser.

Furthermore, to explore the signal stability of the frequency, we
have to verify the frequency domain from the radio frequency spectrum
analyzer (RFSA). The RFSA spectrum of the nanosecond mode-locked
EDFL is shown in Fig. 9, where the signal-to-noise ratio (SNR) was
61 dB, higher than the previously reported nanosecond soliton pulse by
single-walled carbon nanotubes [27], graphene [28,29] and copper
oxide[15]. The RFSA spectrum indicated very good stability for the
mode-locked pulse at the fundamental frequency of 1.86 MHz with a
span of 10 MHz and resolution bandwidth (RBW) of 3 kHz, respectively.
By referring several reported papers, the RFSA of mode-locked fiber
laser with pulse width in picoseconds (ps) ranges will produce a con-
stant intensity or small intensity modulation for a span of 100 Mhz (18,
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20, 21,22). For nanoseconds mode-locked pulse generation, the pulse
width is broader in nanoseconds range and the peak intensity is gra-
dually decreased and maintain at certain peak up to a span of 150 MHz
[31] and the same pattern is reported in [19] at span of 7 MHz. By
comparing to our recorded Radio frequency spectrum analyser, the
pattern is almost the same as reported by [19,31] and it is expected that
at a wider frequency span range of RFSA, the peak intensity will gra-
dually decrease until it reaches a constant peak.

Fig. 10 shows the output characteristics of the generated pulses.
Fig. 10 (a) shows the output pulse energy and average output power for
the nanosecond mode-locked pulses at increasing pump power. As seen,
both pulse energy and average output power show an increasing trend
against the input pump power. At the maximum input pump power of
187.04 mW, the average output power obtained is 3.41 mW. The pulse
energy and instantaneous peak power were calculated at 9.15 nJ, and
6.9 mW, respectively. The peak power linearly increases, from 12.08
mW to 20.66 mW, with the increase in input pump power, as shown in
Fig. 10 (b). The stability of the nanosecond mode-locked pulses was
monitored under room temperature for one hour. Based on the optical
spectrum and pulse amplitude, there was no signal inconsistency

Results in Physics 18 (2020) 103228
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indicating a good stability of the mode-locked EDFL. In addition, there
was no damage to the SA, suggesting that the SA possessed high thermal
conductivity property. Table 1 presents the comparison of our work
with other SA materials in terms of performance in nanosecond mode-
locked EDFL. The pulse energy obtained was higher than those of the
carbon-based SAs [272829] and Lutetium (III) oxide [30], and pulse
width was shorter than those using SAs made of ZnO [19], silver[26]
and SWCNTs [27].

Conclusion

We have successfully demonstrated a passively self-started and
stable nanosecond mode-locked EDFL using CuNWs based SA. The na-
nosecond mode-locked laser produced had a spectral bandwidth of
0.3 nm and was centred at 1563.3 nm with small Kelly sidebands. The
EDFL generated soliton pulses with a fundamental repetition rate of
1.86 MHz and the maximum input pump power of 187.04 mW. The
pulse width, pulse energy, and average output power were 173 ns, 9.15
nJ and 3.41 mW, respectively. The metal-based nanowire SA shows an
excellent performance in generating nanosecond mode-locked EDF
laser.
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CuO-PVA 983 kHz 1.7 ps 1.29 1564.6 [15]
CuNWs 1.86 MHz 173 ns 9.15 1563.3 This Work
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