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ARTICLE INFO ABSTRACT

We demonstrated a new type of transition metal oxide (TMO) material, Holmium oxide (Ho,O3) polymer film SA
for compact passively Q-switched and mode-locked erbium-doped fiber laser (EDFL) generations. The film SA
has a thickness of ~40 pm and modulation depth of ~45%. It was fabricated by embedding Ho,O3 nanoparticles
into PVA polymer solution. The Q-switched laser operated stably at a center wavelength of 1563 nm within a
pump power range of 45-97 mW. The maximum Q-switching pulse repetition rate and the narrowest attainable
pulse width were 115.8kHz and 0.64 ps, respectively; while, the maximum pulse energy was obtained as
129.36 nJ. On the other hand, the mode-locked EDFL emerged stably within a pump power range of 62-180 mW
at a center wavelength of 1565.4 nm. The repetition rate was 17.1 MHz, while the pulse width was 650 fs.
Additionally, the maximum output power was measured as 9.01 mW; while, the corresponding maximum pulse
energy was obtained as 0.524 nJ. This Ho,O3 film SA offers simplicity and reliability in the design of compact
and portable fiber pulsed laser generators particularly in the 1.55-um regime.
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1. Introduction

Passively pulsed fiber lasers have received tremendous research
attention in recent years owing to their potential applications in bio-
medicine, metrology, optical sensing and optical communications [1,2],
to name a few. Pulsed fiber lasers can be accomplished using two
common techniques; Q-switching and mode-locking. Q-switched lasers
generally generate relatively longer pulse widths, in the range of na-
noseconds to picoseconds; while, the mode-locked lasers generate a
pulse width in the range of femtoseconds to picoseconds. These two
techniques can be realized either through active or passive approaches.
The passive procedure has gained growing interests in the past few
years essentially due to its simplicity, flexibility, compactness and low
cost of fabrication. Unlike the active procedure which uses quite bulky
and complex electronics such as acousto-optic and electro-optic mod-
ulator for the pulse triggering mechanism, the passive procedure can be
accomplished by incorporating a cheap and simple saturable absorber
(SA) in the cavity.

In the early years, semiconductor saturable absorber mirror
(SESAM) [3,4] and carbon nanotubes (CNT) [5,6] have been widely
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used for pulsed fiber laser generations. However, SESAM is quite costly,
has narrow operating bandwidth and quite complex in fabrication [4].
Although, CNT is quite cheap and simple in fabrication; however, their
operating wavelength relies very much on the diameter of the nano-
tubes [5], and thus has limited its potential uses. In recent years, var-
ious two-dimensional (2D) materials SA including graphene, transition
metal dichalcogenides (TMD [7,8]; MoS,, MoSe,, WSe,, WS, etc.),
topological insulator (TI [9-11]; BiyTes, BisSes, SboTes, etc.) and black
phosphorus (BP) [12,13] have been demonstrated in the literature as
passive pulsed modulators. Although these 2D SAs are quite successful,
they also have certain drawbacks. The graphene SA, for instance, has
low absorption efficiency of 2.3% at 1550 nm [14]. The TMD materials
have a quite low modulation depth and have large direct band-gap
which are not so effective to be used for longer wavelengths despite
having low impurity and uniformity [15,16]. The TI materials are quite
difficult to fabricate because of the existence of two different elements.
The BP, on the other hand, is hydrophilic material and its reaction with
high humidity environment would affect its overall performance [17].

Besides these 2D materials, a few of material oxides such as titanium
dioxide (TiO,) [18], nickel oxide (NiO) [19] and holmium oxide
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(Ho,03) [20] have also gained interests in the recent years for pulse
modulators. These material SAs (commonly in film structure), are quite
cheap, compact in nature, easy to prepare and handle; besides, shows a
good self-starting and high compatibility with fiber lasers system. In the
previous report, Ho,O3; was demonstrated able to facilitate a reliable
performance of Q-switched pulsed laser in the 2-um region [20]. The
existence of oxides element in the Ho,O3 as well other oxides materials
yield sufficient saturable absorption at certain regions. Furthermore,
the metallic oxide particularly holmium oxide material has a con-
siderably high modulation depth of around 45% which is useful in the
pulsed laser generation. The material is chemically stable and can be
easily dispersed into the PVA (host material) through solutions mixing
and stirring.

In this regard, we demonstrate a compact and simple mode-locked
Erbium-doped fiber laser by using a ~40 pm thick Ho,O3 polymer film
SA. The film SA was fabricated by homogenously embedding Ho,03
nanoparticles in the polyvinyl alcohol (PVA) solution. The Q-switched
EDFL repetition rate can be tuned within a frequency range of
104.8-115.8 kHz at a corresponding pump power range of 45-97 mW.
On the other hand, the mode-locked EDFL was stably attained by in-
corporating the Ho,O3 film SA together with a 3 m single mode fiber
(SMF 28) in the cavity. The mode-locked laser generated a stable re-
petition rate of 17.1 MHz and a pulse width as narrow as 650 fs within a
pump power range of 62-180 mW.

2. Ho,03 PVA film SA fabrication and characteristics

The Ho,03 PVA film was fabricated by homogenously mixing Ho,O3
nano-powder (obtained from Sigma-Aldrich (M)) into PVA solution.
The Ho,O3; powder is stated by the manufacturer to have an average
particle size of < 100 nm and a purity of 99%. The whole fabrication
processes of the Ho,03 film SA is provided in Fig. 1. Initially, 1 g of PVA
was dissolved into 100 ml of distilled (DI) water. The PVA solution was
consistently stirred using a magnetic stirrer for ~4 h at a constant speed
of 200 rpm. Next, 1 ml of the PVA solution was transferred into a
graduated cylinder. Later, 5 mg of the Ho,O3 nano-powder was gently
poured into the prepared 1 ml PVA solution. The PVA solution which
contained the Ho,O3; powder was then stirred at a constant speed using
a magnetic stirrer for 3h. The homogenously dispersed Ho,O3 PVA
solution was then transferred into a clean glass petri dish. The solution
was left to dry and evaporate at room temperature for 96 h, to form a
semi-transparent white colored Ho,O3 polymer film. The Ho,O3 PVA
film had a thickness of ~40 um. A piece of the film SA, within the size
of ~1 mm X 1 mm was gently attached on a clean FC/PC fiber ferrule
with the help of index matching gel (as shown in the image in Fig. 1).

The preparation methodology of the holmium oxide film was re-
peated and tested for two times. The obtained pulsed laser perfor-
mances using these two prepared films were quite similar. The holmium
film oxide in this work was prepared at different stirring period and at
different weight ratio as compared to the previous report [20]. In our
case, the best pulsed laser performance was obtained by using 5 mg of
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holmium oxide nanopowder with 1 ml PVA solution stirred together at
approximately 3 h in a controlled lab environment. The use of a correct
weight of holmium oxide with a suitable stirring period will determine
a good SA distribution in the host material.

The image of the fabricated film SA under a scanning electron mi-
croscope (SEM) is given in Fig. 2(a). As can be seen, the Ho,O3; nano-
particles were fully dispersed into the PVA film. Fig. 2(b) shows the
power intensity dependent absorption profile of the Ho,O3; film SA
which is measured by using the common balanced synchronous twin-
detector approach [21,22]. As shown in the figure, the experimental
data are nicely fitted with the nonlinear absorption model; a(I) = ay/
(1 + I/I) + a,, where a(I) is the absorption coefficient, a; is the
modulation depth, I is the input intensity, I, is the saturation intensity,
and a, is the non-saturation loss. Based on the plotted absorption
curve, the modulation depth of the Ho,O3 film SA is obtained as 45%;
while, the saturation intensity and the non-saturation loss are measured
as 140 MW/cm? and 40.2%, respectively. The modulation depth of the
WOj3 is relatively higher than certain of the 2D materials [9,23]; MoS,
(2.15%), MoSe, (6.73%), WS, (2.53%), WSe, (3.02%) and
BiySe3(4.3%). Fig. 2(c) provides the energy dispersive x-ray spectro-
scopy (EDX) profile of the Ho,03 film SA. As shown in the figure, the
film SA is significantly dominated by carbon (C) with a weight per-
centage of 50.16%, followed by holmium (Ho) and oxygen (O), with
corresponding weight percentages of 32.86% and 16.99%, respectively.
The presence of these elements is due to the Ho,O3 and PVA which
made up the composite film.

3. Pulsed laser cavity configuration

The experimental set-up of the Ho,O3 film SA based Q-switched
EDFL is given in Fig. 3(a). The laser utilizes 2m long erbium-doped
fiber (EDF) as a gain medium. The EDF is stated by the manufacturer to
have a core diameter of 4 um, a numerical aperture of 0.16, erbium ion
absorption of 23 dB/m at 980 nm and a group velocity dispersion (GVD)
of 27.6 ps>’km ~'. The EDF gain medium is pumped by a 980 nm laser
diode through a 980/1550 wavelength division multiplexer (WDM).
The laser is then propagated into an optical isolator (ISO) which is used
to prevent back reflections and to preserve unidirectional laser beam
propagation in the cavity. Next, the laser is directed into a 3 dB coupler
which splits the output laser into 50-50 separations, where half of the
laser output is diverted out for related laser performance investigations.
The remaining half of the output is circulated back inside the cavity
through the Ho,O3 PVA film SA and the 1550 nm port of the WDM. The
Ho,0;3 film SA is incorporated into the cavity to modulate intracavity
loss and thus, converts continuous wave (CW) laser into pulsed lasers at
a specific range of pump power. The SA is held firmly between two fiber
connectors with the assistance of index matching gel and a fiber
adapter. Another 3 dB output coupler is incorporated after the first 3 dB
coupler output port, to further divides the output laser into 50-50 se-
parations for simultaneous and real-time data measurements at two
different ports.

dry at room l

Attaching the
B temperature film onto the 0:2
ferrule
96 h

Fig. 1. The fabrication processes of the Ho,O3 PVA thin film.
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Fig. 2. Ho,O3 PVA film SA characteristics; (a) SEM image, (b) EDX profile, and (c) modulation depth.

The output laser was analyzed by using a digital oscilloscope (OSC),
a radio frequency spectrum analyzer (RFSA), an optical spectrum ana-
lyzer (OSA) with a resolution of 0.07 nm, an autocorrelator (AC) and a
power meter. The rest of the cavity was formed by single-mode fiber
(SMF-28). The WDM and the SMF used in this set-up has a GVD of
—48.7 and —21.7 ps®>/km, respectively. The total cavity length used for
the mode-locked operation is 11.7 m; while, the total net dispersion is

980 nm Pump Diode (a)
EDF

WDM

‘ Ho0203 SA

Isolator l

50% Coupler
| —

50%

3dB

Coupler PD e

calculated as —0.17 ps® (anomalous).

The proposed mode-locked EDFL cavity as shown in Fig. 3(b) is
similar as the Q-switched EDFL cavity design (Fig. 3(a)), except for
several optical connections as follow. As shown in the figure, a 95/5
coupler is used instead of a 3 dB coupler for the mode-locked operation.
This is to provide more output laser (95%) circulating inside the cavity;
while diverts out only 5% of the output laser for various optical

980 nm Pump Diode (b)
EDF
‘ Ho203 SA Isolator l
SMF &
959, Coupler
5% OSA

3dB
Coupler Plﬁ -

Fig. 3. Experimental setup of the EDFL pulsed laser (a) Q-switching, and (b) mode-locking.



A. Shakir Al-Hiti, et al.

@ 200
180 1
160 1
% 140 1
@ 120
g
= 100 -
>
80
AV
60|'|'|I|'|'I"'|I|'|'I|"|I
0 50 100 150 200 250
Time (us)
() -10

Intensity (dBm)

1565

1569

1557 1561

Wavelength (nm)

Optical Fiber Technology 52 (2019) 101996

(b) 200

180 -
160 |
%\ 140 0.64 ps
S 120
8 . |
> 1007 b
50 |
60 . e :
0 2 4 6 8 10
Time (us)
@
04 f,=1158 kHz, SNR =76 dB
-10_
2 201
S -301
g -40 3
S 501
=
= -60
_70-
-80 1 N ) B I e I 1
90

0 200 400 600 800 1000 1200 1400 1600 1800
Frequency (kHz)

Fig. 4. Q-switched EDFL characteristics at 97 mW pump power; (a) pulses train, (b) single envelope pulse, and (c) optical spectrum.

measurements. In addition to that, 3m long of SMF-28 is also added
between the isolator and the 95/5 coupler. This is to balanced-up the
intracavity dispersion and nonlinearity in the cavity so that a stable
soliton mode-locked EDFL can be generated.

4. Results and discussion

The EDFL has a Q-switching repetition rate of 104.8kHz at a Q-
switching threshold pump power of 45 mW. Fig. 4 demonstrates the Q-
switched EDFL characteristics at the maximum frequency 115.8. The Q-
switched pulses train recorded by the OSC in the period of 250 ps is
illustrated in Fig. 4(a) illustrates. As shown in the figure, the pulses
train is quite stable; verified by identically similar pulse amplitudes and
the pulse periods. A single pulse envelope as provided in Fig. 4(b),
shows that the pulse width (measured at the full width half maximum,
(FWHM)) is ~0.64 ps. The optical spectrum of the output laser as
provided in Fig. 4(c) illustrates the Q-switched EDFL with a center
wavelength of 1563 nm and power intensity of 12.78 dBm. The stability
of the Q-switched EDFL was further investigated by the RFSA trace. The
presence of many RF harmonics as depicted in Fig. 4(d) as well as a
fundamental frequency, f; (115.8 kHz) with a considerably high signal
to noise ratio (SNR) of 76 dB, verifies that the Q-switched laser is stable.
The performance of the Q-switched EDFL at different pump powers is
presented in Fig. 5. Fig. 5(a) shows the pulse repetition rate and pulse
width performances as a function of pump power, observed within a
range of 45-97 mW. As shown the repetition rate increases almost
linearly from 104.8 kHz to 115.8 kHz; while, the pulse width shortens
from 2.13us to the narrowest of 0.64 s, in correspondence to the

increase of pump power. Additionally, Fig. 5(b) shows the output power
and the pulse energy which are plotted against the pump power. As
illustrated, both components react linearly against the increasing pump
power. The maximum output power and the maximum pulse energy are
14.98 mW and 129.36 nJ, respectively, and both are obtained at the
maximum pump power of 97 mW.

The mode-locked EDFL with a repetition rate of 17.1 MHz emerged
stably at a pump power range of 62-180 mW. Beyond 180 mW of pump
power, the mode-locked laser became unstable and collapsed into CW
laser. Fig. 6 demonstrates the mode-locked EDFL typical characteristics
and performances. As shown in Fig. 6(a) the output spectrum is oper-
ated in the soliton regime with Kelly sidebands. The laser is operated in
the anomalous dispersion region, while the emergence of Kelly side-
bands on the left and right of the output spectrum, is attributed to a
periodic disturbance of soliton pulse in the laser cavity. These con-
siderably strong Kelly sidebands suggest that the obtained pulse fre-
quency is considerably close to the maximum attainable value. The
output laser is seen centered at the 1565.4 nm wavelength with a 3dB
spectral bandwidth of ~4.02nm (~492.7 GHz). Fig. 6(b) shows the
RFSA trace of the laser measured at a resolution bandwidth (RBW) of
100 kHz. As illustrated, there are many RF harmonics presence in the
1000 MHz frequency span, which essentially indicates that the pulse
width is considerably narrow. Furthermore, the f; (17.1 MHz) also is
seen to has a considerably high SNR of 75 dB, which further confirms
the stability of the generated mode-locked pulse. The pulsed laser also
is verified to be operated in the mode-locked regime, since the time
taken by the light to complete a single round trip corresponds nicely to
the obtained mode-locked frequency of 17.1 MHz. Additionally, the
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Fig. 5. Q-switched EDFL performances at different pump powers; (a) repetition rate and pulse width (b) output power and pulse energy.

autocorrelator trace of the mode-locked pulse together with its corre-
sponding sech? curve fitting outline is shown in Fig. 6(c). The pulse
width is measured to be 650 fs which is relatively narrow as compared
to few other SAs [24-26]. The time-bandwidth product (TBP) of the
laser is calculated as 0.32 and is slightly larger than 0.315 for a sech?
shape. This indicates that the pulse is weakly chirped. Fig. 6(d) shows
the output power and the pulse energy that react in an increasing
manner towards the increasing pump power (62-180mW). The
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maximum output power is measured as 9.01 mW; while, the highest
pulse energy is calculated as 0.524 nJ.

The mode-locking phenomena can always be seen right from the
mode-locking threshold pump power of 62mW to the maximum
available pump power of 180 mW. This indicates that the proposed film
SA has an optical damage threshold which is greater than the maximum
operating pump power of 180 mW. The experimental procedure was
further repeated without incorporating the SA film inside the cavity. As
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Fig. 6. Mode-locked EDFL characteristics and performances (a) optical spectrum, (b) RF spectrum, (c) autocorrelation trace and, (d) output power and pulse energy

at different input pump powers.
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Table 1

Various SAs characteristics and pulsed laser performances in the 1.55 pm region.
SA Material Modulation Depth Saturation Intensity Central Wavelength Rep. rate Pulse Width Ref.
MoS,film) 4.3% 34 MW/cm?2. 69.5 nm 12.09 MHz 710 fs [27]
BP 18.55% 10.74 MW/cm2. 71.45 nm 5.96 MHz 946 fs [28]
BPQDs 36% 3.3GW/cm?. 67.5nm 15.22 MHz 1.08 ps [29]
WS,. 15.1% 157.6 MW/cm?. 68.3 nm 487 kHz 1.49ps [30]
TiS,. % 9.91 MW/cm?. 69.5 nm 5.34 MHz 1.04 ps [31]
PtSe;. 11%-4.90% 0.34-1.23 GW/cm?. 63 nm 23.3 MHz 1.02ps [32]
Flrpic 12.8% 5.5 MW/cm?. 62.57 nm 3.43 MHz 120 ns [33]
Luy O3 (film) 10% 100 MW/cm?2. 64 nm 0.97 MHz 2.12ps [34]
MgO (film) 32.4% 16 MW/cm?. 69.1 nm 3.5 MHz 5.6 ps [35]
V,03(film) 7% 71 MW/cm?. 59.25nm 1 MHz 3.14ps [36]
NiO (film) 39% 0.04 MW/cm2. 61.8 nm 0.96 MHz 950 fs [371
Sb (film) 23% 15 MW/cm? 1559 nm 0.99 MHz 3.53ps [24]
Ho,05 (film) 45% 140 MW/cm?2. 65.4 nm 17.1 MHz 650 fs This work

expected, no pulsed laser could be seen, as the pump power elevated to
the maximum available value. These results validate the function of the
Ho,05 film SA in facilitating stable Q-switched and mode-locked EDFL
operations.

Table 1 shows different SAs (including certain film SAs) perfor-
mances in comparison with the SA (Ho,O3 film) used in this work for
generating mode-locked fiber lasers particularly in the ~1.55 um wa-
velength region. As shown, the obtained modulation depth, saturation
intensity, repetition rate and pulse width (based on the holmium oxide
film) are comparable with the other SAs reported in the literature.

5. Conclusion

In this paper, we presented the first demonstration of passively Q-
switched and mode-locked EDFLs by using a piece of ~40 um thick
Ho,03 PVA film SA. The film SA has a modulation depth of 45% and a
saturation intensity of 140 MW/cm?. The Q-switched EDFL operated at
a centre wavelength of 1563 nm. The pulse frequency and the pulse
width were tunable within the range of 104.8-115.8kHz and
2.13-0.64 ps, respectively; at a pump power range of 45-97 mW.
Additionally, the maximum output power and the maximum pulse en-
ergy were obtained as 14.98 mW and 129.36 nJ, respectively. On the
other hand, the soliton mode-locked EDFL emerged stably at a center
wavelength of 1565.4 nm. The repetition rate and the pulse width were
measured as 17.1 MHz and 650 fs, and always can be seen within a
pump power range of 62-180 mW. The maximum output power, as well
as the maximum pulse energy, were measured as 9.01 mW and
0.524 nJ, respectively.
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