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This paper  demonstrates  the  use  of  a  zinc  oxide  (ZnO)  thin  film  in  a 1-�m  ring  laser  cavity  as a  saturable
absorber  to  successfully  generate  Q-switching  pulses.  The  tunability  of the  laser  pulses  is achieved  by  inte-
grating  a  tunable  bandpass  filter  (TBPF)  in  an  ytterbium-doped  laser  cavity  that  results  in  9.4  nm  of  tuning
unable Q-switched
nO
unable bandpass filter
tterbium

range,  which  wavelength  is  from  1040.70  nm  to 1050.1  nm.  The  peak  energy  in  the  pulse  which  is  1.47  nJ
was  measured  together  with  a minimum  pulse  width  of 2.4 �s. In addition,  the repetition  rate  increases
from  25.77  to 45.94  kHz  as  the pump  power  level  being  increased  from  103.1  to 175.1  mW.  The  results
obtained  in  this  experiment  demonstrated  consistent  results  and  stable  throughout  the  experiment.
Therefore,  ZnO  thin  film  is  considered  as a good  candidate  in 1-�m pulsed  laser  applications.

©  2017  Published  by  Elsevier  B.V. on  behalf  of Association  of Polish  Electrical  Engineers  (SEP).
. Introduction

Since its invention in 1987, erbium-doped fibre amplifier (EDFA)
as been widely used in broad area of application due to many
dvantages, such as low transmission loss, high gain, high opti-
al efficiency and high saturation power [1–3]. However, there has
een a growing interest in a 1-�m region using ytterbium-doped
bre laser (YDFL) because of its special properties, for example,
igh power efficiency, broad gain bandwidth, low quantum defect,
exible and compact [4–7].

In terms of Q-switching pulses generated in a 1-�m region,
hey are said to be more reliable with the existing of noise and
ulse also spread gradually when the fibre loss exists compared
o a 1.5-�m region [8]. Laser pulses have been used extensively
n applications such as nonlinear optic, optical signal processing,
xcitonic absorption saturation and mechanical system controller
9–12]. Particularly, tunable Q-switched pulses generation using
DFL has sparked current research interest in applications such as
pectroscopy and biomedical diagnostics [13] where the pulses can
e adjusted to a different operating wavelength with ease which is

he interest of this paper.

In general, there are two types of Q-switching generation meth-
ds which are active and passive techniques. Active Q-switching

∗ Corresponding author.
E-mail address: saaidal@um.edu.my (S.A. Azzuhri).

ttp://dx.doi.org/10.1016/j.opelre.2017.01.002
230-3402/© 2017 Published by Elsevier B.V. on behalf of Association of Polish Electrical
pulse method relies upon external electrically powered modula-
tor to induce and to restore a high Q-factor in order to generate
pulses [14]. On the other hand, passive Q-switching technique does
not depend on any external signal but can use additional pas-
sive components such as saturable absorber (SA) material [14,15],
semiconductor saturable absorber mirror (SESAM) [16], and non-
linear polarization rotation (NPR) [17] to induce pulses in the
cavity.

Lately, there has been extensive works on Q-switch pulse laser
generation using a different type of SA materials: carbon-based
SAs such as single-walled (SW-) and multi-walled (MW-)  car-
bon nanotubes (CNTs) [18], and graphene [19]; transition metal
dichalcogenides (TMD) such as MoS2, MOSe2, WS2  [20–24]; topo-
logical insulator (TI) materials such as Bi2Te3, BiSe2, Bi2Se3m,
Bi2Te3; black phosphorus; TiO2 have been demonstrated in various
publications [25–27].

Various types of SA such as crystal SA and SESAMs can be used
in order to cover various operation wavelengths [28–30]. In a 1-
�m region, the use of SA materials such as graphene, Cr+3:YAG,
TI, TI:Ni2Se3, Molybdenum Disulfide (MoS2) and tungsten disul-
fide (WS2) has been reported in Q-switching pulses generation
[5,31–35]. Recently, ZnO has been identified as a potential of a good
SA since it exhibits a short recovery time and possesses a good

saturable absorption [36]. There are few techniques that had been
reported to achieve tunability in Q-switching operations, such as
by inserting polarization controller (PC), TBPF or inserting both PC
and TBPF in the laser cavity [37–39].

 Engineers (SEP).

dx.doi.org/10.1016/j.opelre.2017.01.002
http://www.sciencedirect.com/science/journal/12303402
http://www.journals.elsevier.com/opto-electronics review
http://crossmark.crossref.org/dialog/?doi=10.1016/j.opelre.2017.01.002&domain=pdf
mailto:saaidal@um.edu.my
dx.doi.org/10.1016/j.opelre.2017.01.002


R.A. Shaharuddin et al. / Opto-Electronics Review 25 (2017) 10–14 11

rticles XRD pattern [36].

c
t
t
t
b

2

u
m
s
f
i
s
t
s

p
Z
(
m
〈
e
p
t

e
p
w
n
e
r
c
g
t
m
s
c

t
p
v
T
V

Fig. 1. ZnO nanopa

In this paper, we have demonstrated the use of TBPF in the laser
avity between the isolator and the SA (ZnO) in order to investigate
unability of a Q-switching behaviour. A stable Q-switching opera-
ion with the tunability range of 9.4 nm covering from 1040.70 nm
o 1050.1 nm was observed. In addition, the fabrication of ZnO has
een well explained in this paper.

. Zinc oxide saturable absorber characterization

The ZnO thin film SA used in the experiment was prepared by
sing a ZnO powder of 5 wt%. Firstly, the ZnO was  prepared into a
ixture by adding silane and ethanol with a ratio of 1:1 ethanol to

ilane [36]. Next, the mixture undergoes ultrasonification process
or about 30 min. After that, sulphuric acids of 10 wt%  were added
nto the mixture containing the ZnO, ethanol and silane. Next, the
olution undergoes ultrasonification process for about 5 min. Lastly,
he prepared mixture was then poured into a plastic mould and was
et dry for three days at a room temperature.

Fig. 1 shows the result of X-ray diffraction (XRD) of the ZnO
owder nanostructures. Each peak on the graph indicates that
nO consists of a particle (nanoscale). Full-width at half maximum
FWHM) data, peak intensity and, position and width can be deter-

ined based on the XRD patterns analysis [26]. Each planes, 〈1 0 0〉,
0 0 2〉, 〈1 0 1〉, 〈1 0 2〉, 〈1 1 0〉, 〈1 0 3〉, and 〈2 0 1〉 correspond to differ-
nt diffraction peaks. The result confirmed the existence of a ZnO
eak as it shows no characteristics of XRD peaks. Thus, it proves
hat no impurities exist in the synthesized nanopowder.

To analyze the absorption and modulation depth of ZnO, an
xperimental set-up shown in Fig. 2(a) was utilized. A laser diode
ump with an output wavelength of 974 nm was connected to a
avelength division multiplexer (WDM)  and, subsequently, con-
ected to an erbium-doped fibre (EDF) gain medium. In order to
nsure unidirectional lasing in the cavity, an isolator is used in the
ing cavity. Then, the isolator was connected to a fibre ferrule that
ontains the SA, which is a piece of CNT thin film that is used to
enerate a pulse seed source. Generating a pulse seed source using
he CNT film is crucial in order to induce mode lock pulses for the

easurement. The mode lock pulses were then amplified by using
elf-assemble EDFA in order to produce maximum peak power that
overing 1550 nm region (the S, C and L band) [40–42].

The high peak power pulses generated using the CNT SA are
hen used to saturate the ZnO sample. In order to do this, the high

ower output pulses, which are about 10 dB, were channelled thru a
ariable optical attenuator (VOA) to gradually vary the power level.
he signal pulses were attenuated from 0 dB to −60 dB by using the
OA with a 1 dB step. A 3 dB optical coupler (OC2) is connected to
Fig. 2. (a) Cavity design to measure nonlinear absorption of ZnO, (b) saturable
absorption characteristic of ZnO.

the VOA to split the signal equally into two  parts. One part of the
output of the OC2 acts as a reference and is connected to the optical
power meter (OPM1). On the other hand, another output of the OC2
passes through a connector containing the ZnO thin film. The SA is
put between two  fibre ferrules. The fibre ferrule is then connected
the second OPM (OPM2) for comparison.
The magnitude difference between readings of OPM1  and OPM2
was analyzed to measure the modulation depth of the ZnO. By using
Eq. (1), the calculated modulation depth was  found nearly 36%,
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Fig. 3. Ring cavity design for tunable Q-switch YDFL.
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Fig. 4. Optical spectrum analyzer at 1044.58 nm.

hile the saturation intensity is approximately of ∼0.01 MW/cm2.
he analyzed data is represented in the graph as shown in Fig. 2(b)

 = �˛

(1 + I/Isat)
+ ˛linear . (1)

. Laser cavity design

Fig. 3 shows a laser in a cavity setup for a tunable Q-switching
DFL. A laser diode with a pumping wavelength at 974 nm is con-
ected to a WDM.  The maximum output power of the laser diode

s of 450 mW.  In this cavity, YDF is used as the gain media for the
ontinuous wave (CW) laser generation. The YDF with a length of
0 cm is connected between 980/1060 nm WDM  and a polariza-
ion independent isolator (Isolator). The function of the isolator is
o ensure that there is no reflection in the ring cavity by allowing
nly unidirectional light propagation. The other end of the isola-
or is connected to a tunable bandpass filter (TBPF). The reason of
sing the TBPF in this laser cavity is to adjust the bandwidth to
eliver the output as a function of the fundamental frequency of an

nput signal. The TBPF is fine-tuned to peak at the specific wave-
ength without distorting the Q-switching pulses. The fibre ferrule
ontaining the SA is then connected to the tunable bandpass filter
TBPF).

In this work, a single layer zinc oxide (ZnO) thin film is used and
andwiched between the fibre ferrules. A 90:10 optical coupler is
onnected to the fibre ferrules containing the SA film, where the
errules were located in between the coupler and the TBPF. The 10

ercent output port is drawn from the first optical coupler (OC1)
nd it was then fixed to another 50:50 optical coupler (OC2) to
plit the output of the OC1 equally. The 3 dB coupler was included
o monitor the result using an optical spectrum analyzer (OSA) and
Fig. 5. (a) Q-switched pulse train at 145.9 mW,  (b) Pulse train of Q-switched ZnO at
pump power 122.1 mW until 170.1 mW within 500 �s duration, and (c) pulse width
at  145.9 mW pump power.

an oscilloscope simultaneously. Meanwhile, the other output port
(90%) of the OC1 is looped back into the ring cavity.

4. Results and discussion

The result in Fig. 4 shows the lasing threshold for the Q-switched
pulses at the OSA. This result corresponds to the pump power of
103.1 mW at input. The peak wavelength is located at 1044.6 nm
with an output power of –20.26 dBm.

In this experiment, the stable Q-switched pulses started to
appear at 103.1 mW of the pump power level and the pulses dimin-
ished after the power level exceeding 175.1 mW.  The output data
was obtained using the oscilloscope through a photodetector that
convert the light output for the measurement. The photodetector
converts light signal into electrical signal according to the prin-

ciple of photoelectric effect. The result of the Q-switched pulse
train at the pump power of 145.9 mW is shown in Fig. 5(a) while
Fig. 5(b) shows the graph of the pulse train for the Q-switching
pulses measured with different input power levels. In this graph,
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ig. 6. (a) Repetition rate and pulse width vs.  pump power and (b) peak power and
ulse energy vs.  pump power before tuning the TBPF.

he pump power level is increased from 122.1 mW to 170.1 mW and
he results are observed. As the pump power increased, both mag-
itude and the repetition rate of the pulses also increased indicate
he Q-switching behaviour.

There are four important criteria when analyzing Q-switching
esults: they are the repetition rate, the pulse width, the peak
ower, and the pulse energy, all against variation of the pump
ower. The results of the Q-switching performance according to
hese criteria are illustrated in Fig. 6. In Fig. 6(a), the repetition
ate and the pulse width vs.  laser diode pump power are illus-

rated. With the increment of the pump power from 103.1 mW to
75.1 mW,  the repetition rate increases accordingly from 25.77 kHz
o 45.94 kHz. This phenomenon confirmed the behaviour of the Q-
witched characteristics [30]. On the contrary, a decreasing trend

Fig. 7. RF spe
Fig. 8. Tunability of Q-switch operation from 1040.70 nm to 1050.1 nm at pump
power 145.9 mW.

of the pulse width from 4.4 �s to 2.4 �s could be observed as the
pump power is increased with the same amount. Therefore, the
observed results have confirmed that the proposed set-up behav-
ing the Q-switching characteristics as the repetition rates increases
with the increment of the pump power levels while the pulse width
and the pulse duration decreases as the pump power increased.

Fig. 6(b) shows the result of the pulse energy against the pump
power as indicated by the red line while the blue line indicates the
peak power vs.  the pump power. In this graph, both lines show
increasing trends upon the increment of the pump power from
103.1 mW to 170.1 mW but fall slightly after 170.1 mW.  The maxi-
mum  energy recorded for single Q-switched pulses is of 1.47 nJ and
the minimum pulse width is of 2.4 �s.

Radio frequency spectrum analyzer (RFSA) is used to validate
the trace results measured in the frequency domain. The result of
the RFSA spectrum is illustrated in Fig. 7. In addition, a full half-
width measurement (FHWM)  is the method used to measure the
pulse width. The pulse width of RF spectrum measured is of 3.2 �s.
The fundamental frequency is measured at 145.9 mW of the pump
power and the repetition rate of 37.19 kHz is proven by the RFSA
spectrum. Meanwhile, the peak-to-pedestal ratio (PPR) of 31.2 dB
is obtained in this experiment as presented in Fig. 7.

The tunability of the Q-switched is obtained by tuning the pass-
band of the TBPF, resulting a tunability range of 9.4 nm,  measured
from 1040.70 nm until 1050.1 nm as indicated in Fig. 8. A steady

pulse train is achieved throughout the tunability process. The pump
power is kept constant at 145.9 mW upon taking the reading. Sta-
ble Q-switched pulses are observed starting at a wavelength of
1040.70 nm and diminish after 1050.10 nm. We  believed such small

ctrum.
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argin is due to a high gain bandwidth of the gain medium (YDF)
nstead of the SA [36,43].

. Conclusions

In this paper, a tunable Q-switched ZnO operating in a 1-�m
egion has been successfully demonstrated. A single layer of ZnO
hin film with a dimension of 1 mm × 1 mm  has been used in this
xperiment. A stable Q-switched started to appear at a pump power
f 103.1 mW at a wavelength of 1044.58 nm.  To achieve the tunab-
lity, a TBPF was introduced into the ring cavity. The Q-switched is
uned from 1040.70 nm to 1050.1 nm with the total tunable range
f 9.4 nm.  In this experiment, the maximum energy recorded for a
ingle Q-switched pulse is of 1.47 nJ and the minimum pulse width
s of 2.4 �s. Meanwhile, the repetition rate of the pulses is mea-
ured between 25.77 and 45.94 kHz. Based on the results obtained
rom this experiment, we conclude that ZnO thin film has poten-
ial to be used in a stable pulsed laser generation including in the
pplications of biomedical diagnostic and spectroscopy.
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